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ABSTRACT  
Reduction of hexavalent chromium (Cr(VI)) influences the chemical behavior of Cr in a variety 
of geochemical settings such as ancient and modern oceans, lakes and groundwater and surface 
water systems. Cr(VI) reduction immobilizes the toxic form of Cr to less toxic and insoluble 
Cr(III). Several abiotic (e.g., Fe(II)-minerals) and biological (e.g. bacteria) reductants readily 
reduce Cr(VI) to Cr(III). These reduction reactions fractionate Cr isotopes and alter the Cr stable 
isotope ratios. Cr stable isotope ratios can be used to track the extent of this reduction and thus 
can be used as a redox-indicator. The magnitude of the isotopic fractionation must be determined 
to connect observed Cr isotope ratios to the extent of reduction. This study determines the Cr 
isotopic fractionation factors for Cr(VI) reduction by Fe(II) phases (Fe(II-doped goethite, FeS, 
green rust, siderite and sediments from an active barrier) occurring at Permeable Reactive 
Barriers and by a group of metabolically diverse bacteria (G. sulfurreducens, Shewanella sp. 
(Neckar River), P stutzeri DCP-Ps1 and D. vulgaris). The results can be used to interpret Cr 
isotope data from a wide range of geochemical settings involving abiotic and microbial Cr(VI) 
reduction. Similar to Cr, the geochemical behavior of uranium (U) is also governed by its 
oxidation state. The oxidized species U(VI) is stable and extremely soluble under oxic surface 
conditions whereas the reduced species U(IV) is insoluble. Redox transformation causes U 
isotope fractionation; the resulting U isotope ratio changes are related to the extent of U(VI) 
reduction. This study determines the magnitudes of isotopic fractionation by a wide variety of 
bacteria (G. sulfurreducens PCA, G sulfurreducens Criddle, A. dehalogenans FRC-W, A. 
dehalogenans FRC-R5, Shewanella sp. (Neckar River) and Desulfitobacterium Viet1) with 
different metabolisms. The results reveal the nature of microbial U(VI) isotope fractionation and 
the controlling factors under nutrient-poor conditions. The results of this study can be used to 
detect and possibly quantify U(VI) reduction in U-contaminated aquifers. This study aids in the 
interpretation of the U isotope data from any environment involving microbial U(VI) reduction 
from modern oceans to rock records. 
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CHAPTER 1 
INTRODUCTION 	  
General Background 
Aqueous Geochemistry of Cr. Chromium (Cr) is a transition metal that occurs in Group 
6 of the periodic table. Cr is an important trace element in rocks, and generally found in high 
concentrations (~1000 ppm) in the mantle derived mafic and ultramafic rocks due to its 
compatibility in Earth’s mantle.  Under surface conditions, Cr is thermodynamically most stable 
in +6 (Cr(VI)) and +3 (Cr(III)) valence states. Under natural pH range, Cr(VI) occurs as a 
thermodynamically stable dissolved and therefore mobile species in water. At low pH and/or 
under reducing conditions, Cr(VI) reduces to Cr(III), a stable but insoluble species.. The redox 
transformation of Cr(VI) to Cr(III) restricts its mobility and bioavailability in near-surface 
conditions.  
Cr Sources and Health Effects. The natural input of Cr(VI) in the near-surface aqueous 
environments is leaching of Cr during weathering of mafic and ultramafic rocks (Izbicki et al., 
2008). Cr(VI) generated from weathering of rocks, combined with the input from hydrothermal 
sources is considered to be a major source of Cr in modern and ancient oceans (Sanders and 
Koschinsky, 2000; Frei et al., 2009). Cr is widely used in industrial activities. The anthropogenic 
input of Cr(VI) mostly arises from leather tanning, chromium plating, pigment manufacturing, 
wood preservation, and the use of Cr as a corrosion-inhibitor in cooling towers (Nriagu and 
Nieboer, 1988). The anthropogenic Cr(VI) often leads to elevated Cr(VI) concentrations in 
ground and surface waters. Cr(VI) is a strong oxidant and due to its carcinogenic and mutagenic 
properties, Cr(VI) has severe human health effects (Losi et al, 1994; De Flora, 1999). Cr (III) is 
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believed to be an essential trace element for humans and may be required in some metabolic 
activities (Vincent, 2004).  
Cr(VI) Reduction in the Environment. The redox transformation of Cr has been an 
integral part of Cr cycling in nature throughout geologic history. The reduction of Cr(VI) by 
naturally occurring Fe(II) minerals, aqueous Fe(II) and microbial activity may contribute to Cr 
cycling marine environments (Sanders and Koschinsky, 2000) and lakes. In groundwater and 
surface water systems, numerous abiotic reductants (e.g. aqueous Fe(II), Fe(II) bearing 
minerals), naturally occurring organic acids (e.g., humic and fulvic acids), and microorganisms 
can readily reduce Cr(VI) to Cr(III). Due to low toxicity and reduced mobility of Cr(III), the 
reduction of toxic and mobile Cr(VI) is an effective remediation strategy for Cr-contaminated 
water systems.  
Isotope Geochemistry of Cr. Cr has four stable isotopes; 54Cr, 53Cr, 52Cr, and 50Cr. The 
natural abundances of these isotopes are 2.37%, 9.50%, 83.79%, and 4.35%, respectively. The 
reduction of Cr(VI) to Cr(III) isotopically fractionates Cr (Ellis et al., 2002). The higher zero 
point energy (ZPE) of 52Cr leads to preferential reduction of 52Cr at a faster rate and the resulting 
kinetic isotope fractionation enriches the Cr(III) precipitates in 52Cr. As a result, the remaining 
Cr(VI) becomes enriched in 53Cr with progressive reduction. This enrichment or depletion of 
53Cr relative to 52Cr can be quantified by measuring the 53Cr/52Cr values in aqueous solutions. 
Since, the isotopic fractionation during Cr(VI) reduction is little affected by processes such as 
adsorption (Ellis et al., 2004), dilution and dispersion, the 53Cr/52Cr ratios in natural samples can 
be used as a highly effective indicator of Cr(VI) reduction. This Cr stable isotope approach to 
detect Cr(VI) reduction can be applied to various geochemical systems. For example, previous 
studies (Berna et al., 2010; Raddatz et al., 2011) successfully applied Cr isotope ratios approach 
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to detect natural attenuation of Cr(VI) in Cr-contaminated aquifers. A recent study by Frei et al. 
(2010) suggests that Cr isotopes can be used to detect oxygenation of the ancient oceans.   
Aqueous Geochemistry of U. Uranium (U) is a naturally occurring radioactive element 
with an average crustal concentration of 2-4 ppm (O’Loughlin et al., 2011). U is also an 
important trace elements in rocks. In nature, U can exist in 0, +2, +3, +4, +5, and +6 valence 
states. However, the two most environmentally relevant oxidation states are; +6 (U(VI)) and +4 
(U(IV)). Under oxidizing conditions prevailing at the earth’s surface, U(VI) is stable as dissolved 
uranyl ions (UO22+) in aqueous solutions and tend to form strong soluble complexes with 
carbonate, phosphates and organic ligands. Under reducing conditions at near-neutral pH, U 
predominantly occurs as sparingly soluble U(IV) species. The reduction of U(VI) to U(IV) 
results in a remarkable decrease in the solubility of the U species, thus restricting the mobility of 
U.  
U Sources and Health Effects. Natural source of U in the terrestrial (Hakonson-Hayes et 
al., 2002) and marine environments is primarily leaching of U during weathering of rocks under 
oxidizing conditions. Wastes from U mining operations related to military and industrial activity 
is the major anthropogenic source of U in terrestrial aqueous environments. Other anthropogenic 
sources of U include residual U in ash from coal combustion (Ferraiolo et al., 1990) and 
manufacture and application of phosphate fertilizers (Markich, 2002). Due to its high solubility, 
U(VI) is more mobile and bioavailable compared to U(IV). The bioavailable U poses significant 
risk to human health and other terrestrial ecosystems due to chemical toxicity (Markich, 2002).  
U(VI) reduction in the Environment. In low temperature environments, U(VI) can be 
readily reduced by several abiotic and biotic reductants. Aqueous Fe(II) and Fe(II)-containing 
minerals such as green rust, FeS, siderite and magnetite are capable of reducing U(VI) to U(IV) 
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(O’Loughlin et al., 2003, Missana et al., 2003; Hua and Deng, 2008; Ithurbide et al. 2009, Du et 
al., 2011). Also, microorganisms with diverse metabolism are shown to reduce U(VI) (see Wall 
and Krumholz, 2006). Low temperature redox transformation of U is known to occur in global 
oceans where abiotic reductants (aqueous Fe(II) or FeS) and/or microbial populations are capable 
of reducing U(VI) dissolved in the seawater. Ocean anoxia leads to increased U(IV) 
precipitations and resulting anoxic deposits contain higher concentrations of U (Montoya-Pino et 
al., 2010). This enables U to serve as a potential redox indicator in rock records for modern and 
past environments (Weyer et al., 2008; Brennecka et al. 2011). In terrestrial systems, reduction 
of toxic U(VI) to insoluble U(IV) is a promising strategy for remediation of U-contaminated 
aquifer. U(VI) reduction by biostimulation is successfully achieved at U. S. Department of 
Energy’s Rifle, Colorado bioremediation (Integrated Field Research Challenge) site (Bopp et al., 
2010).  
Isotope Geochemistry of U. U has no stable isotopes; natural U is mostly composed of 
two radioactive isotopes 238U (t1/2 ~ 4.47 x 109 yrs) and 235U (t1/2  ~ 0.70 x 109 yrs). The natural 
abundances of 238U and 235U are 99.27% and 0.72%, respectively. U isotope fractionation occurs 
during redox transformation of U at low temperatures (Stirling et al., 2007; Weyer et al., 2008; 
Bopp et al., 2009, Basu et al., 2013). During U(VI) reduction, heavy isotopes (i.e., 238U) are 
preferentially reduced leaving the remaining U(VI) enriched in 235U. Compared to the Cr isotope 
fractionation discussed above, the sense of isotopic fractionation is reversed in this case. The 
enrichment of the heavy isotopes in the U(IV) product phase is caused by a mass-independent 
fractionation mechanism, known as the nuclear volume effect, which arises from the differences 
in the nuclear size of different isotopes (Schauble 2007). According to the theoretical framework 
developed in Schauble, (2007), isotopes with a large nucleus (i.e. 238U) are more stable at sites 
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with lower electron density at the nucleus. U(IV) species have lower electron density at the 
nucleus that stabilizes 238U in the U(IV) products. As a result, an enrichment of 238U in the U(IV) 
species occurs and the remaining U(VI) in the solution becomes enriched in the lighter isotope, 
235U. This isotopic fractionation between 238U and 235U causes measurable differences in 
238U/235U in natural samples and can be used as an indicator of redox processes. Similar to Cr 
isotope ratios, U isotope ratios can also be used to determine the redox state of various 
geochemical systems. Applications include detection of ocean anoxia (Montoya-Pino et al., 
2010) and bioremediation of  U(VI) in contaminated aquifers (Bopp et al., 2010).  
Significance of Isotopic Fractionation Factors for Cr and U. The magnitude of the 
isotopic fractionation during Cr(VI) or U(VI) reduction is determined by the isotopic 
fractionation factor α, defined as: 
                                                                       (1) 
where Rproduct and Rreactant are the 53Cr/52Cr or 238U/235U in the reaction product flux and in the 
remaining reactant pool, respectively. For convenience, the fractionation factor α is often 
represented by a similar per mil quantity ε (ε = 1000‰*(α-1)), which also defines the size of the 
isotopic fractionation.  
The magnitude of isotopic fractionation varies with reduction mechanism and reaction 
kinetics. Isotopic fractionation during Cr(VI) and U(VI) reduction is a Rayleigh process where 
the fraction of reduction is related to observed Cr and U isotope ratio changes by the 
fractionation factors, α. Therefore, the observed shifts in Cr and U isotopes ratios must be 
calibrated by determining the magnitudes of isotopic fractionation for relevant reduction 
reactions. As we begin to apply Cr and U isotope data in contaminant studies and in other fields 
of geochemistry, it is essential to know more about Cr and U isotope systematics. 
α =
Rproduct
Rreactant
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Goal of the Study  
Based on the background discussed above, there is a need for determination of Cr and U 
isotope fractionation for a variety of reduction mechanisms, both abiotic and biological, in order 
to develop an improved understanding of Cr and U isotope systematics. The main goals of this 
study are to determine: i) the magnitudes of Cr isotopic fractionations by various Fe(II) phases 
(e.g. adsorbed Fe(II), FeS, green rust, siderite) commonly occurring in Permeable Reactive 
Barriers; ii) the magnitudes of Cr isotope fractionation for Cr(VI) reduction by a group of 
metabolically diverse bacteria; iii) the range of U isotopic fractionation for microbial U(VI) 
reduction; iv) the controlling effect of U(VI) concentrations variations on U isotope 
fractionation; and v) to experimentally determine the mass-independent fractionation mechanism 
– nuclear volume effect. I designed controlled laboratory experiments to achieve each of these 
goals. In this dissertation, I present the findings of each study in five chapters; each chapter 
fulfills one of the above objectives.  
Overview of the Chapters  
In Chapter 2, I present the finding of the study involving laboratory experiments to 
determine the isotopic fractionations for dominant reducing phases (i.e. Fe(II)-doped goethite, 
FeS, green rust, and siderite) in reactive barriers and reduced sediments obtained from an In Situ 
Redox Manipulation (ISRM) zone at the US Department of Energy’s Hanford site (Hanford, 
Washington, U.S). The findings of this study can be applied to interpret Cr isotope data from any 
reactive barrier and the determination of isotopic fractionations for Cr(VI) reduction by abiotic 
reactions enhances our general understanding of Cr isotope systematics. This chapter is 
published in the journal Environmental Science and Technology.  
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Chapter 3 focuses on experimental determination of Cr isotope fractionation during 
microbial Cr(VI) reduction. Here, I present and discuss the magnitudes of fractionation for 
Cr(VI) reduction by two metal reducing bacteria, Geobacter sulfurreducens and Shewanella sp. 
(Neckar River), a denitrifying bacterium Pseudomonas stutzeri strain DCP-Ps1 and a sulfate 
reducing bacterium Desulfovibrio vulgaris. These results can be applied to detect and possibly 
quantify Cr(VI) reduction at the sites undergoing active bioremediation. The ε values determined 
for Cr(VI) reduction in this study will also be useful in any study involving microbial Cr redox 
reactions, ranging from rise of oxygen in earth’s atmosphere during the Precambrian period to 
dynamics of Cr-cycling in modern lakes and oceans. 
In Chapter 4, I describe the findings of a study to determine U isotope fractionation 
during microbial U(VI) reduction in anaerobic batch incubation experiments. The magnitudes of 
U isotope fractionations are determined for U(VI) reduction by two strains of Geobacter 
sulfurreducens (PCA and Criddle), two strains of Anaeromyxobacter dehalogenans  (FRC-W 
and FRC-R5), a novel Shewanella isolate (Shewanella sp. (Neckar River)) and a Gram-positive 
bacterium Desulfitobacterium Viet1. In this chapter, I addressed the following research questions 
– i) how much do the magnitude of isotope fractionations vary for microbial U(VI) reduction ii) 
whether isotopic fractionations depends on the bacterial species, and iii) which parameters 
control the magnitude of the isotopic fractionation in nature. The findings of this study are useful 
in applications of U isotopes to detect microbial U(VI) reduction at U-contaminated sites and 
microbial U-cycling in lakes and oceans.  
In Chapter 5, I present the results from an experimental study to determine the effect of 
U(VI) concentration variations on the magnitude of isotopic fractionation by Shewanella sp. 
(Neckar River).  This study is designed to find out whether significant U isotope fractionation 
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occurs during microbial U(VI) reduction at very low U(VI) concentrations comparable to some 
U-contaminated sites and also marine environments. The results from this study point to a 
fundamental relationship between U(VI) reduction mechanism in Shewanella sp. (Neckar River) 
and associated isotopic fractionation.  
In the last chapter, Chapter 6, I report the findings of a laboratory study to determine the 
nuclear volume effect during U isotope fractionation by G. sulfurreducens. Here, I used two U 
isotopes pairs, 238-235 and 238-236 for demonstration of mass-independent isotopic 
fractionation originating from the nuclear volume effect. This Chapter is focused on the 
fundamental nature of the microbial U isotope fractionation.  
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CHAPTER 2 
 
Determination of hexavalent chromium reduction using Cr stable 
isotopes: Isotopic fractionation factors for permeable reactive 
barrier materials 
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ABSTRACT 
 Cr stable isotope measurements can provide improved estimates of the extent of Cr(VI) 
reduction to less toxic Cr(III). The relationship between observed 53Cr/52Cr ratio shifts and the 
extent of reduction can be calibrated by determining the isotopic fractionation factor for relevant 
reactions. Permeable Reactive Barriers (PRB) made of Fe0 and In Situ Redox Manipulation 
(ISRM) zones effectively remediate Cr contaminated aquifers. Here, we determine the isotopic 
fractionations for dominant reductants in reactive barriers and reduced sediments obtained from 
an ISRM zone at the US DOE’s Hanford site. In all cases, significant isotopic fractionation was 
observed; fractionation (expressed as ε) was -3.91‰ for Fe(II)-doped goethite, -2.11‰ for FeS, -
2.65‰ for green rust, -2.67‰ for FeCO3, and -3.18‰ for ISRM zone sediments. These results 
provide a better calibration of the relationship between Cr isotope ratios and the extent of Cr(VI) 
reduction and aid in interpretation of Cr isotope data from systems with reactive barriers. 
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INTRODUCTION 
Chromium (Cr) contamination, arising mostly from anthropogenic and sometimes, 
natural sources, is common in soils, groundwater and surface waters. Anthropogenic sources 
include industrial practices such as leather tanning, chromium plating, pigment manufacturing, 
wood preservation, and the use of Cr as a corrosion-inhibitor in cooling towers (Testa, 2004); 
natural sources include leaching of Cr during weathering of ultramafic rocks (Izbicki et al., 
2008). The toxicity of Cr is determined by its redox state. In aqueous systems, Cr occurs in two 
valence states; hexavalent chromium (Cr(VI)) and trivalent chromium (Cr(III)). Under circum-
neutral pH conditions, Cr(VI) is soluble, highly mobile and toxic whereas Cr(III) is insoluble, 
strongly adsorbing and less toxic. Numerous abiotic reductants (e.g. Fe(II)-bearing minerals, 
aqueous Fe(II), Fe(II) sorbed onto iron oxides and hydroxides, sulfides), naturally occurring 
organic compounds, and microbes can reduce Cr(VI) in the subsurface. Reduction of Cr(VI) to 
Cr(III) as a means to immobilize Cr in a less toxic form in contaminated aquifers is a common 
remediation strategy (Blowes, 2002). 
Cr isotope ratios provide a means to detect and perhaps quantify reduction. The reduction 
reactions fractionate Cr isotopes: Reaction products are enriched in lighter isotopes, and with 
progressive reduction the remaining reactant pool becomes enriched in heavier isotopes. The 
53Cr/52Cr ratios measured in groundwater samples are used to quantify enrichment or depletion 
of 53Cr relative to 52Cr. The magnitude of the isotopic fractionation is measured by the 
fractionation factor, α:  
α = RProduct / RReac tan t   (1) 
where  and  are 53Cr/52Cr in the Cr(III) product flux and in the remaining Cr(VI) 
pool, respectively. The isotopic fraction during oxidation of Cr(III) to Cr(VI) is small (<1‰) and 
RProduct RReac tan t
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no significant isotopic exchange between dissolved Cr(VI) and Cr(III) is observed at near neutral 
pH (Zink et al., 2010).  Since reduction alters 53Cr/52Cr significantly, 53Cr/52Cr measurements in 
groundwater can provide an efficient and accurate method to detect and possibly quantify Cr(VI) 
reduction. The size of the observed shift in Cr isotope ratios is controlled by the fractionation 
factor, which is known to vary with reaction kinetics and mechanism (Sikora et al., 2008; 
Kitchen et al., 2012).  Accordingly, the relationship between observed 53Cr/52Cr ratio shifts and 
the extent of reduction must be properly calibrated by determining the fractionations for 
reactions known to occur at a particular site.  
PRBs have been effective in remediation of aquifers contaminated with metals, 
radionuclides and organic compounds (Roh et al., 2000). Most common are the PRBs made of 
zero valent iron (Fe0) in which iron metal is placed across the flow path and remediation occurs 
as the contaminants react with the barrier material (e.g. the corrosion products of Fe0) (Roh et al., 
2000; Liang et al., 2003). In-Situ Redox Manipulation (ISRM) technology, an alternative to 
conventional PRBs, is also employed for remediation. A barrier of reduced sediments across the 
flow path of the plume is created by injecting reducing agent (e.g. sodium dithionite) into the 
subsurface (Fruchter, 2002; Szecsody et al., 2004; Szecsody et al., 2005). The dominant reducing 
phases in Fe0 barriers include iron sulfides (mackinawite (Fe9S8) and amorphous ferrous sulfide 
(FeS)), siderite (FeCO3) and Green rusts (GR-SO4, Cl, CO3) (Liang et al., 2003). The reducing 
phases identified in an ISRM barrier installed at the U.S. Department of Energy’s Hanford, 
Washington, 100D area are adsorbed Fe(II), siderite (FeCO3), and FeS, among which sorbed 
Fe(II) is reported to be dominant (Szecsody et al., 2004; Szecsody et al., 2005). Both Fe0-PRBs 
(Puls et al., 1999; Mayer et al., 2001; Wilkin et al., 2005; Flury et al., 2009) and ISRMs 
(Fruchter, 2002; Szecsody et al., 2005) have been successfully used in Cr(VI) remediation. The 
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longevity of these in-situ barriers depends largely on the reductive capacity of the barrier 
material and also on the geochemical conditions prevailing at the site (e.g. groundwater 
composition).  
Occasional breakthrough of Cr(VI) has been observed across the Hanford ISRM barrier 
(Szecsody et al., 2005). The Cr isotope method should prove useful in studying the performance 
Fe0-PRBs and ISRMs, for example to determine if Cr breaking through an ISRM/Fe0 barrier 
passes through zones of substantial but incomplete reduction or merely bypasses the barrier 
completely. However, studies published to date give little information about Cr isotope 
fractionation by the relevant phases.   
In this work, we determined the isotopic fractionations for Cr(VI) reduction by the most 
common reducing phases in PRBs (siderite, green rust, FeS, and Fe(II) adsorbed to goethite), and 
for sediments obtained from the Hanford ISRM.  This was done using anaerobic, well-mixed, 
batch experiments.  Here, we refer to the adsorbed Fe(II)-goethite system as Fe(II)-doped 
goethite since adsorption of Fe(II) is followed by transfer of electrons into the goethite interior 
(Amonette et al., 2000; Williams and Scherer, 2004; Larese-Casanova and Scherer, 2007; 
Handler et al., 2009; Beard et al., 2010).  
METHODS 
Mineral Synthesis 
 Details of the mineral synthesis experiments are described in the Supporting 
Information. To create Fe(II)-doped goethite, we followed the method described by Larese-
Casanova and Scherer (2007). Green rust was synthesized using the Fe(OH)2 oxidation method 
described by Refait et al. (1999). A suspension of FeCO3 was synthesized using a method 
described by Rakshit et al. (2009) by reacting equimolar amount of FeCl2.4H2O and Na2CO3. 
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FeS suspension was prepared by reacting equimolar amounts of (NH4)2Fe(SO4)2.6H2O and 
Na2S.9H2O as described in Butler et al. (2004). Synthesized minerals were stored in anaerobic 
serum bottles as suspensions so that the solid mineral phase was in equilibrium with the liquid.  
GR-SO4 and FeCO3 were characterized by x-ray diffraction (see Supporting Information).  
Hanford ISRM Sediments 
Two different sediment samples from the ISRM zone used in this study were collected 
from borehole C4687 (well D4-91), 3.6 m down-gradient of well D4-37 in the 100D area, 
(Supporting Information) which showed premature Cr(VI) breakthrough through the ISRM 
barrier wall. The water table there varies annually from 23.9 m to 26.4 m below the ground 
surface.  The sediments were collected from two depths – i) 28.35 m – 28.5 m and ii) 29.31 m – 
29.57 m. These sediments, composed of sand with some silt and few pebbles, represent the 
reduced barrier materials below the water table. The samples were collected in 2005 and 
preserved anaerobically. No visible oxidized color was observed at the time of our experiments. 
Batch Incubations with Cr(VI) 
 The anaerobic batch experiments were carried out using glass serum bottle reactors with 
working volumes of 100 mL using groundwater collected from the 100K area (Well ID: 133-K-
134, 133-K-135) of the Hanford site. All experiments, except the one with Fe(II)-doped goethite, 
were carried out in duplicate. The groundwater samples, containing non-detectable Cr(VI) (<0.1 
µM), were filtered (0.2 µm) immediately after collection and stored at 4°C. Degassed Na2CrO4 
stock solution (1.92 mM) was injected as Cr(VI) to achieve a targeted initial Cr(VI) 
concentration. In experiments with the Hanford ISRM sediments, we used 4g of each sediment 
sample to create the slurry. For the GR-SO4 and FeS experiments, the initial concentrations of 
the suspension were 0.12 g/L as GR-SO4 (100 µM Fe(II)) and 0.007 g/L as FeS (75 µM Fe(II)). 
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When FeCO3 was added as a reductant, the initial amount of Fe(II) as FeCO3 was 84.2 µM. After 
injecting the reductant and Cr(VI), the serum bottle was shaken vigorously to ensure complete 
mixing of reactants before sampling for initial Cr(VI) concentration. The reactors were covered 
with foil to eliminate potential for photochemical reactions, shaken constantly at 125 rpm and 
sampled at regular intervals.  
Cr Concentration and Isotopic Measurements 
 Details of analytical methods for Cr(VI) concentrations and Cr isotope ratios are given in 
the Supporting Information. We measured preliminary Cr(VI) concentrations using US 
Environmental Protection Agency method 7196A. The method for isotopic analysis can be found 
in Schoenberg et al. (2008). We used a 54Cr/50Cr double isotope spike technique to correct for the 
instrumental mass bias and isotope fractionations during sample preparation (Ellis et al., 2002; 
Johnson and Bullen, 2004; Schoenberg et al., 2008); an aliquot of the spike solution was added 
to the samples prior to purification of Cr by anion exchange. Cr isotope ratios were measured by 
a Nu Plasma HR multicollector inductively coupled plasma mass spectrometer. The 53Cr/52Cr 
results are reported using δ notation, as a relative deviation from the NIST SRM-979 standard, 
defined as:  
‰         (2) 
and expressed in parts per thousand (per mil).  The uncertainty of the isotope measurements was 
determined as ±0.13‰ based on twice root mean square difference for 16 pairs of duplicate 
sample preparations.  
For convenience, we express fractionation factors in terms of ε, a similar per mil 
quantity:  
δ 53Cr = (
53Cr / 52Cr)Sample
( 53Cr / 52Cr)SRM−979
−1
"
#
$
%
&
'×1000
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ε = (α−1) x 1000‰  (3) 
This is convenient because, to a very close approximation, ε is the difference in δ53Cr values 
between the reactant Cr(VI) and the Cr(III) product flux: ε ≈ (δ!"#$%#&%-­‐δ!"#$%&')               (4) 
The fractionation factors were extracted from the experimental results by fitting to Rayleigh 
distillation models (See Supporting Information). 
RESULTS AND DISCUSSION 
Cr Reduction Results 
Fe(II)-doped Goethite The Cr(VI) reduction rate by Fe(II)-doped goethite was very slow 
with the exception of relatively rapid reduction in first three days (Fig. 2.1a). In this experiment, 
64% of the initial 17.71 µM Cr(VI) was reduced in 175 days. The experimental data could not be 
modeled using first-order kinetics; the rate constant needed to fit the early phase of the 
experiment (20% of the Cr(VI) reduced over 2.7 days) was much greater than that at later times. 
Our results demonstrate that Fe(II)-doped goethite particles, with the aqueous Fe(II) below the 
detection limit of 0.2 µM in the system, reduce Cr(VI). The pH was circum-neutral throughout 
the experiment.  
FeS. Cr(VI) reduction by laboratory-synthesized FeS (Fig. 2.1c) was relatively rapid. A 
slowing of reaction kinetics after an initial sharp decrease in Cr(VI) concentration was not 
observed in this case. The decrease in Cr(VI) concentration with time fits a first-order kinetics 
model; the average Cr(VI) half-life for two duplicate experiments with initial Cr(VI) 
concentrations of 19 µM was 66 minutes. pH was constant at 7.8 during both experiments. 
Green Rust. During the green rust experiments, very rapid reduction occurred within the 
first few minutes. In two experiments with identical amounts of initial green rust (100 µM 
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Fe(II)), about 50% of the initial 11 µM Cr(VI) was lost within the first minute. After the first 
minute, Cr(VI) concentration decrease (Fig. 2.1e) with time conforms roughly to first-order 
kinetics for some time, though the reduction rate wanes and is considerably slower in the late 
phases. We did not observe any change in circum-neutral pH (~ 7.6) during the course of the 
reaction. 
Siderite. In the FeCO3 experiments, we observed reduction of a significant fraction of the 
Cr(VI) within the first minute after FeCO3 was injected to start the experiments (Fig. 2.1g), 
followed by much slower reduction. In the first experiment, with an injected Cr(VI) 
concentration of 19 µM, we observed 65% loss of Cr(VI) in the first minute and an overall 82% 
Cr(VI) loss in 10 hours. In a second experiment, we observed relatively little initial Cr(VI) loss 
(29%) and a slower subsequent reduction rate, with reduction nearing completion in 213 hours. 
The pH was circum-neutral (pH ~ 7.6) and remained constant throughout both experiments.  
Hanford ISRM Sediments. Both sediment samples obtained from the Hanford ISRM 
zone reduced Cr(VI) (Fig. 2.1i). The half life of Cr(VI) for the sediment obtained from a depth 
between 28.35m and 28.50m below ground surface was 3.48 days whereas the half life for the 
sediment from 29.41m to 29.57m was 11.89 days, although both sediments had similar Fe(II) 
content (Szecsody et al., 2005). For both sediments, decrease of Cr(VI) concentration as a 
function of time appears to be nearly linear, implying zero-order kinetics. 
Cr Isotope Results 
 In every experiment, isotopic fractionation occurred; the measured δ53Cr values in the 
remaining Cr(VI) show a smoothly increasing enrichment of 53Cr (relative to 52Cr), with respect 
to the δ53Cr (−0.02‰) of the Cr(VI) stock solution, as reduction progressed (Fig. 2.1b, 2.1d, 2.1f, 
2.1h, 2.1j). In the experiments with GR-SO4 and FeCO3, the periods of initial, rapid loss of 
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Cr(VI) were excluded from the data analysis since we could not determine if reduction during 
the first minute was caused by the mineral phase (e.g. GR-SO4) alone. Effectively, the 
experiments began with the first time point after rapid reduction ceased, and thus the initial δ53Cr 
values are elevated relative to the starting material.  For this reason, remaining Cr(VI) fractions 
shown in Fig. 2.1f and Fig. 2.1h have been normalized to the Cr(VI) concentrations occurring at 
the end of the initial rapid reduction phase.  
The isotopic fractionation for Cr(VI) reduction in each experiment is given (as ε) in Table 
2.1 and was determined by fitting the δ53Cr values and concentration data to Rayleigh distillation 
models (see Supporting Information). Since a single ε fits all data from each experiment within 
the uncertainties of the measurements, there is no evidence for any change in the factor during 
the course of any experiment. There are no significant differences between duplicate 
experiments, despite differences in reduction rates in some cases. However, ε varies significantly 
between experiments with different reductants, with the greatest value 80% greater than the least. 
Variations in Reduction Mechanisms 
Fe(II)-doped Goethite. In Fe(II)-doped goethite, the doped Fe(II) initially exists as a 
stable sorbed phase on surfaces (Amonette et al., 2000; Williams and Scherer, 2004; Larese-
Casanova and Scherer, 2007; Handler et al., 2009; Beard et al., 2010).  Recent research indicates 
that Fe(III) oxides show semi-conducting properties; adsorbed Fe(II) exchanges electrons with 
the mineral interior (Amonette et al., 2000; Williams and Scherer, 2004; Larese-Casanova and 
Scherer, 2007; Handler et al., 2009; Beard et al., 2010). Fe(II)-Fe(III) oxides have electron 
transport chains that allow Fe(III) within the mineral to convert to Fe(II) if electrons are supplied 
by Fe(II) ions adsorbed on outer surfaces. The interior Fe(II)’s can later supply electrons to drive 
reduction reactions on the surfaces. In our Cr(VI) reduction experiment by Fe(II)-doped goethite, 
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the early rapid reduction is likely caused by efficient electron transfer between externally 
adsorbed Fe(II) on the surface of the mineral particles and dissolved Cr(VI). With progressive 
reduction, depletion of readily available Fe(II) at the surfaces is expected to slow down the 
electron transport rate as the deeper Fe(II) from the stable adsorbed layer or the bulk goethite 
must be accessed for further reduction. Poor semiconducting properties of goethite at room 
temperature (Cornell and Schwertmann, 2003) leads to inefficient electron transfer between the 
bulk mineral and the sorbed Fe(II) phase, which inhibits the reaction. Furthermore, the buildup 
of reaction products (i.e.Cr(III)-oxyhydroxide) and presence of other elements in the system (e.g. 
silica species) (Wu et al., 2011) might be expected to inhibit subsequent electron transfer. 
 Alternatively, reduction of Cr(VI) by a very small amount of aqueous Fe(II) supplied by 
slow but continuous desorption of Fe(II) from Fe(II)-doped goethite could be invoked as a 
second reduction mechanism. Our concentration data provide no information allowing us to 
determine if this reaction mechanism is important, relative to reduction on goethite surfaces. 
FeS. The overall reaction rate for FeS was much faster compared to other phases studied 
here, probably because of finer particle size and/or highly reactive surfaces. The electron 
donating capacity of FeS is high; each mole of FeS can donate a maximum of 9 moles of 
electrons. The sulfide species, during Cr(VI) reduction by amorphous FeS, is oxidized to sulfite, 
sulfate and thiosulfate, with sulfate as the dominant solution species - implying exchange of 
eight electrons (Patterson et al., 1997). The Fe(II) donates a single electron, so most of the 
reduction is driven by sulfur species. 
During Cr(VI) reduction by FeS, the absence of rapid initial reduction within first few 
minutes suggests limited release of Fe(II) from dissolution of FeS. This was expected, based on 
thermodynamic calculations (Morse et al., 1987) and work by Patterson et al. (29) which support 
 24 
the assumption of very low dissolved Fe(II) in the pH range of the experiments (7.5 to 8).  
Accordingly, we are confident the dominant Cr(VI) reduction mechanism was via interactions 
with FeS surfaces. 
Green Rust. Previous studies of Cr(VI) reduction by GR-SO4 have shown that reduction 
commences as a slow reduction by Fe(II) in GR-SO4 particles (Skovbjerg et al., 2006). The 
reduction occurs simultaneously at the reactive mineral surfaces and in the inter-layer space, 
where the chromate anion replaces the inter-layer SO42. Electron transfer from Fe(II) to Cr(VI) 
leads to deposition of Cr(III)-Fe(III) phases which eventually block the interlayer space and 
greatly slow the reaction. Further electron transfer is possible through the solid layers of the bulk 
mineral to outer surfaces as the entire mineral acts as a semi-conductor (Skovbjerg et al., 2006).  
In a recent study, Døssing et al. (2011) found evidence for Cr(VI) reduction in the interlayer 
space of green rust. Bond and Fendorf (2003) also suggested complex reaction mechanisms 
during Cr(VI) reduction by GR-SO4 involving both external reactive sites and anion-exchange in 
the interlayer. 
Production of dissolved Fe(II) via dissolution of green rust likely occurred when we 
suspended the green rust in the Hanford site water (Bourrié et al., 1999; Skovbjerg et al., 2006), 
and dissolved Fe(II) should rapidly reduce Cr(VI) (Buerge and Hug, 1997; Buerge and Hug, 
1999; Skovbjerg et al., 2006). We did not measure the initial aqueous Fe(II) concentrations in 
our GR-SO4 experiments. The loss of 50% of initial Cr(VI) within the first minute might be due 
to reduction by aqueous Fe(II) or high reactivity of the fresh surfaces of GR-SO4 or, more likely, 
a combination of both.  
Siderite. The difference in reaction rates between our duplicate experiments probably 
arose from uncertainties in FeCO3 loading, differences in the crystal sizes, or differences in 
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FeCO3 surface oxidation at the start of the experiments. Since the second experiment was done 
using the same stock FeCO3 suspension 3 months after the first experiment, aging of the FeCO3 
stock suspension might have resulted in increased crystal size leading to lower reactive surface 
area and slower reduction.  Alternatively, the aged stock might have been exposed to a small 
amount of oxygen, resulting in formation of an oxidized surface coating. 
Some or all of the rapid Cr(VI) reduction in the first minute could have been caused by 
very fine FeCO3 crystals and/or aqueous Fe(II) released by rapid dissolution of FeCO3 
immediately after addition of the FeCO3 suspension to Hanford groundwater prior to the start of 
the experiments. The slow rate of Cr(VI) reduction in the later stages of these two experiments 
could results from formation of oxidized reaction products such as Fe(III) and Cr(III) 
oxyhydroxides which results in the occlusion of siderite surfaces. Alternatively, the slow rate 
could result from the surface charge of siderite, which was negative in our experiments (see 
below). 
Hanford ISRM Sediments. The two sediments, taken from depths about one meter apart 
in the same core, had nearly identical total iron oxide, hydraulic conductivity, and reductive 
capacity (Fe(II) ≈ 60 µmol/g), as indicated by acid extractions (Szecsody et al., 2005). The 
observed difference in the reaction rate might reflect a loss of reductive capacity during storage 
or simply a difference in particle size and therefore reactive surface area. There was no visible 
evidence of oxidation, but we did not measure reductive capacity and cannot be sure it was not 
diminished during storage.  
Heterogeneity Effects and Diffusion-limited Reaction 
  Concerns about heterogeneity were a second motivation for excluding time periods with 
very rapid reaction rates.  In a recent study by our group (Kitchen et al., 2012), it was found that 
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experiments with very rapid reactions between Cr(VI) and aqueous Fe(II) (approaching 
completion in seconds to minutes) yielded apparent ε values that were substantially weaker than 
the actual ones. This effect can be understood by considering the reaction dynamics around a 
mass of reductant injected into a Cr(VI)-rich solution. If physical mixing is not fast enough 
relative to the reaction rate, a reactive interface forms in which Cr(VI) diffuses into the 
reductant-rich region, where it is consumed by reduction. With increasing distance into this 
region, Cr(VI) is increasingly affected by reduction, driving its δ53Cr value higher. This, in turn, 
drives the δ53Cr value of the Cr(III) reaction product (δproduct) to greater values relative to the 
simpler case where both reductant and Cr(VI) are homogeneously distributed throughout the 
solution. The spatially averaged δreactant is less affected by the elevated values inside the reducing 
zone because most of the Cr(VI) lies outside and is unaffected. Accordingly, δproduct – δreactant 
observed on the macroscopic scale is less than that occurring at a given point inside the reducing 
zone. In other words, when the rate of diffusion limits the reaction, the macroscopically observed 
magnitude of isotopic fractionation is an effective value, εeff, that is considerably weaker than the 
intrinsic value, εintrinsic.  
This phenomenon has been described in previous stable isotope studies of water-sediment 
systems where reduction of O2, NO3-, or SeO42- occurs within sediments but not in the overlying 
water column (Bender, 1990; Brandes and Devol, 1997; Clark and Johnson, 2008). These studies 
show, through mathematical models and experiments, that when pore waters within reducing 
sediments are connected to the overlying water by diffusion, εeff is weaker than εintrinsic by a 
factor of two or more. Generally, we expect εeff will be weaker than εintrinsic in any experiment 
where heterogeneity occurs such that diffusion limits the interaction of Cr(VI) and reductant.  
For this reason, we have excluded from our analysis time periods where reaction was very rapid 
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because significant reaction could have occurred before complete physical mixing of reactants. 
All time periods included in our analysis had slower reduction, with significant decreases in 
Cr(VI) requiring several minutes or longer. 
This general diffusive limitation issue is also relevant in our discussion below of 
variability in isotopic fractionations among the reductants we studied. Specifically, we expect 
weaker ε in cases where diffusive barriers exist between Cr(VI) in the bulk solution and the sites 
where electron transfer takes place. For example, Cr(VI) reduction by green rust proceeds 
partially via a two-step process, with the Cr(VI) diffusing into the interlayer spaces, then being 
reduced via electron transfer from Fe(II) in the mineral. If the electron transfer step is rapid, then 
diffusion limits the interaction between Cr(VI) and reducing sites. This diffusive limitation may 
control the isotopic fractionation, as we discuss below. 
Effect of Cr(VI) Adsorption 
 Our use of dissolved Cr(VI) concentration in the Rayleigh distillation models 
presupposes that Cr(VI) concentration decreases accurately reflect Cr(VI) reduction. This is 
clearly true in our experiments with FeS, GR-SO4, and FeCO3. The minuscule amounts (0.01 
wt% or less) of solid particles provided very little surface area, and sorption was negligible.  
However, in the Fe(II)-doped goethite experiment, the presence of a relatively large amount (0.3 
wt%) of suspended solids may have caused sorption equivalent to 12% Cr(VI) loss. In the 
experiments with the Hanford ISRM sediments, despite the presence of 4 wt% of suspended 
solids we observed no rapid Cr(VI) loss within the first few hours indicating negligible sorption. 
The small amount of Cr(VI) adsorption in the goethite experiment does not affect our 
interpretation of δ53Cr data if we assume the adsorbed Cr(VI) and the dissolved Cr(VI) remain in 
isotopic equilibrium as the reaction proceeds and the fraction of adsorbed Cr(VI) with respect to 
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dissolved Cr(VI) does not change during the reaction (Ellis et al., 2004). Since the adsorption of 
Cr(VI) does not cause significant isotopic fractionation (Ellis et al., 2004), the two assumptions 
described above enable us to treat the dissolved and adsorbed Cr(VI) as a single reactant pool. 
The dissolved Cr(VI) concentrations, after the initial equilibration of surface sites, thus reflect 
the total Cr(VI) pool in terms of both isotopic composition and extent of reduction.  
Variability in the Magnitude of Isotopic Fractionation 
 It is well established that the magnitudes of kinetic isotope effects vary, depending on 
the reaction mechanism and the kinetics of individual steps within a given reaction pathway 
(Rees, 1973; Hayes, 2001; Canfield, 2001). The theory developed in previous studies of sulfate 
reduction and photosynthesis can be summarized as follows: The overall kinetic isotope effect of 
a multi-step chemical reaction is the sum of the isotopic fractionations induced by all steps up to 
and including the rate-limiting step. Steps after the rate-limiting step have little effect on the 
overall isotopic fractionation, even if they involve kinetic isotope effects. This may seem 
paradoxical, but it is well supported theoretically (Rees, 1973; Canfield, 2001). Additional 
complexity can arise if multiple reaction steps limit the overall rate, or if reactions have 
branching or cyclic pathways (Hayes, 2001), but the basic rule above is useful in understanding 
why the kinetic isotope effect of a given overall reaction varies in magnitude. 
Reduction of Cr(VI) to Cr(III) involves multiple steps, and the reaction pathway may 
depend on the reductant. For example, Cr(VI) reduction by Fe(II) must involve three single-
electron transfer steps, whereas reduction by sulfide could include a two-electron transfer. Cr(V) 
and Cr(IV) are ephemeral, unstable intermediate species present in small concentrations that play 
varying roles depending on how electrons are transferred (Zink et al., 2010). The coordination of 
oxygens around Cr changes as tetrahedral Cr(VI) is converted to octahedral Cr(III).  
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Coordination change involves reconfiguration of bonds, and a step involving a coordination 
change is likely to be rate-limiting. Examining all these issues, it is clear that the details of the 
Cr(VI) reduction pathway for each reductant will determine the magnitude of isotopic 
fractionation. However, with our current limited knowledge of Cr(VI) reduction mechanisms, we 
cannot rigorously explain the variations in isotopic fractionations in terms of kinetic parameters. 
In this section we consider the available data from this study and previous Cr isotope studies and 
begin to work toward a systematic understanding. 
Previous Cr isotope studies have determined fractionations for Cr(VI) reduction by 
several reductants. The ε for Cr(VI) reduction by aqueous Fe(II) at environmentally relevant 
micro-molar level concentrations of Cr(VI) and aqueous Fe(II) is − 4.2‰ across the pH range 
4.0 to 5.3 (Kitchen et al., 2012). The results of Døssing et al. (2011) yield ε values of 
−4.4±0.3‰, −3.0±0.3‰, and −3.0±0.3‰ for three nominally identical experiments for Cr(VI) 
reduction by aqueous Fe(II) at much higher concentrations (1.1 mM Fe(II) and 38 mM Cr(VI)) at 
pH ~7. The difference in their ε values may be attributed to heterogeneity effects due to 
incomplete mixing of the reactants. However, the ε = −4.4±0.3‰ reported by Døssing et al. 
(2011) is identical to that reported by Kitchen et al. (2012) (ε = −4.2‰); and we used the latter as 
the ε for Cr(VI) reduction by aqueous Fe(II). The ε’s for magnetite, a pond sediment and an 
estuarine sediment are −3.5‰, −3.5‰ and −3.3‰, respectively (Ellis et al., 2002). The ε for 
Cr(VI) reduction by mandelic acid with a solid catalyst, two fulvic acids, and one humic acid is 
−3.11‰ (Kitchen et al., 2012). For microbial Cr(VI) reduction by Shewanella oneidensis MR1, 
the ε under electron donor-poor conditions is −4.2 ± 0.2‰ (Sikora et al., 2008) whereas one 
experiment with donor-rich, rapid reduction conditions yielded an ε value of  −1.8‰. Berna et al. 
(2009) obtained ε values of −3.07‰ and −2.38‰ for two nearly identical sediment slurry 
 30 
experiments with contaminated subsurface sediments apparently containing one or more Fe(II) 
bearing phases such as green rust.  
Overall, an apparent trend of decreasing ε values with increasing Cr(VI) reduction rates 
was observed in our experiments. For slowly reducing Fe(II)-doped goethite and ISRM 
sediments, the observed isotopic fractionation was stronger (ε < −3‰), whereas that for faster 
reducing GR-SO4, FeCO3, and FeS were weaker (ε > −3‰). The initial amount of mineral 
surfaces varied between the experiments. Since the Cr(VI) reduction rate per unit surface area 
was unknown in our experiments, we cannot directly correlate the observed Cr(VI) reduction 
rates with the variability of ε values.  
The similarity between the fractionations for reduction by Fe(II)-doped goethite (ε = 
−3.92‰) and aqueous Fe(II) (ε = −4.2‰) may arise from the potential presence of dissolved 
Fe(II) in our goethite experiment. Although we envisioned reduction would occur on the solid 
surfaces, we surmise the Fe(II)-doped goethite released small amounts of Fe(II) into solution.  
The Fe(II) concentration was below our detection limit, but the Cr(VI) reduction rate was so 
slow that only a very small Fe(II) concentration is needed to drive such slow reduction. Thus, it 
is not clear from our experiment whether Cr(VI) reduction occurred dominantly via electron 
transfer directly from the solid or by aqueous Fe(II) exuded by the solid. However, for practical 
applications this distinction is of little importance. We expect that Fe(II)-doped goethite in an 
actual PRB would reduce Cr(VI) with the same mechanism that occurred in our experiment, with 
a resulting ε value of about −3.9‰.   
The markedly weaker ε in the FeS experiment may be related to the high electron 
donating capacity of sulfide. Because a sulfide ion in FeS can donate eight electrons, whereas the 
Fe can donate only one, the sulfur species are the dominant reductants. Furthermore, a single 
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surface site on FeS is capable of transferring multiple electrons to a Cr atom, whereas reduction 
by aqueous Fe(II) or Fe(II)-bearing minerals must proceed in three distinct steps. A similar 
argument has been made for organic reductants.  Kitchen et al. (2012) observed that the 
fractionation for Cr(VI) reduction by organic reductants such as humic and fulvic acids (ε = 
−3.1‰) was significantly weaker than that for aqueous Fe(II) (ε = −4.2‰). They suggested that 
this might be due to possible differences in the nature of electron transfer to Cr(VI), as aqueous 
Fe(II) could transfer only one electron to Cr(VI) at a time whereas organic reductants can 
transfer one or two electrons at a time.  
Reduction by GR-SO4 induces weaker isotopic fractionation than reduction by aqueous 
Fe(II), and this is expected in light of diffusive limitations.  Skovbjerg et al. (2006) identified 
three different reaction mechanisms for reactions between green rust and Cr(VI):   Reduction by 
Fe(II) on outer surfaces, reduction by Fe(II) in interlayer spaces, and reduction by electron 
exchange through semiconducting Fe precipitates. The Cr(VI) reduced via diffusion into 
interlayer spaces would be accompanied by weaker isotopic fractionation, as is explained above.  
Assuming substantial reduction occurs by this mechanism, weaker isotopic fractionation is 
expected relative to that induced by dissolved Fe(II) and magnetite. Døssing et al. (2011) argued 
for negligible isotopic fractionation during Cr(VI) reduction by green rust. Their experimental 
conditions significantly differed from our experiments due to presence of multiple reductants 
(aqueous Fe(II) and green rust) and high concentration (> 1mM) of the reactants in their 
experiments. Also, in their study, continuous injection of high concentrations of aqueous Fe(II) 
and subsequent formation of green rust near the inlet could lead to very rapid diffusion-limited 
reduction of Cr(VI) which in turn would  produce εeff of a very small magnitude. Interestingly, 
the ε’s from our GR-SO4 experiments coincide roughly with the fractionation observed for the 
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sediments studied by Berna et al. (2009), which were inferred to contain green rust or similar 
phases.  
The isotopic fractionation for Cr(VI) reduction by FeCO3 is also weaker relative to that 
for dissolved Fe(II). This leads us to conclude that after the initial dissolved Fe(II) was consumed 
by reaction with Cr(VI), later reduction occurred on siderite surfaces. The isotopic fractionation 
for Cr(VI) reduction by FeCO3 is weaker than that of magnetite. Clearly, the interaction of 
dissolved Cr(VI) with Fe(II) on the siderite and magnetite mineral surfaces differs from that with 
dissolved Fe(II). We suggest this may be related to the surface properties of the minerals.  
Siderite and magnetite have isoelectric points of 5.3 and 6.6, respectively (Charlet et al., 1990; 
Stumm and Morgan, 1995).  At the pH conditions of the experiments, the mineral surfaces had 
negative charges which repel Cr(VI) anions. Accordingly, the first step in the Cr(VI) reduction 
process, the crossing of this barrier, could be partially rate-limiting. This would lead to a 
relatively weak overall isotopic fractionation, assuming fractionation is weak in this first step 
because of a lack of valence change. If this is the case, then we expect that the magnitude of 
isotopic fractionation for solid reductants should depend on the surface charge, which in turn 
depends on pH and the concentrations of other ions in solution. Further work is needed to 
address the general question of how surface properties of solid reductants influence the isotopic 
fractionations. 
A second potential cause of the weaker isotopic fractionations for GR-SO4 and FeCO3 is 
buildup of porous Fe(III) reaction products that would present a diffusive barrier between the 
minerals and the bulk solution with progressive reduction. Cr(VI) must diffuse through this 
barrier for the reduction to proceed. As described above, macroscopic expression of the isotopic 
fractionation is diminished in such a case (Clark and Johnson, 2008; Kitchen et al., 2012). 
 33 
However, if reaction product coatings were indeed causing diminished fractionation, we would 
expect a change in ε during the course of each experiment. We did not observe any such change 
during our experiments; a single ε fits all data from each experiment. Accordingly, it appears that 
the weaker isotopic fractionations for GR-SO4 and FeCO3 are not caused by reaction product 
buildup.  
The Hanford ISRM sediments, containing a combination of Fe(II) phases with sorbed 
Fe(II) being the dominant reductant (Szecsody et al., 2005), yielded ε = −3.18‰.  This value is 
within the range expected for the sediment with a mixture of Fe(II) phases commonly found in 
PRBs.  
Implications for Cr(VI) remediation 
  The results of this study reinforce the use of Cr isotopes to detect and quantify Cr(VI) 
reduction in PRBs. All the common reducing phases in Fe0-PRBs and ISRM sediments induce 
significant Cr isotope fractionation. However, our results reveal a significant range of ε’s among 
those phases. Assuming the abundances of the various minerals and variability of reaction 
mechanisms will not be known for a given PRB, one can only make a somewhat uncertain 
estimate of ε, and this will translate into uncertainty in data interpretation.  
Recent studies (Berna et al., 2009; Raddatz et al., 2011; Wanner et al., 2012; Wanner et 
al., 2012) reasonably applied the Cr isotope approach to detect Cr(VI) reduction in contaminated 
aquifers. At present the determination of the extent of remediation from Cr isotope ratios is semi-
quantitative. The results of this study aid in interpretation of Cr isotope data from the PRBs and 
ISRMs, by providing better knowledge of the relationship between δ53Cr and the extent of 
Cr(VI) reduction. For example, in the case of incomplete reduction of Cr(VI) by a Fe0-
PRB/ISRM zone, Cr isotope ratios in groundwater from the wells down-gradient from the barrier 
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could help determine the extent of reduction in the barrier. In this regard, our laboratory 
determined ε’s are particularly useful because they represent actual reductants in PRBs/ISRM 
zones. Determinations of the extent of Cr(VI) reduction help assess the reductive capacity and 
performance of the existing PRB/ISRM zone and help diagnose problems. These results can be 
used to interpret Cr isotope data being collected at the Hanford ISRM barrier, and more generally 
improve our knowledge of Cr isotope fractionation in a variety of geochemical applications.  
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Fig. 2.1.  Experimental results.  The left panel shows progress of Cr(VI) reduction by a) Fe(II)-doped goethite c) FeS 
e) Green rust g) FeCO3 i) Hanford ISRM sediments. Open and closed symbols distinguish initial experiments from 
duplicates. The right panel shows the δ53Cr values plotted against the fraction of Cr(VI) remaining during reduction 
by b) Fe(II)-doped goethite d) FeS f) Green rust h) FeCO3 and j) Hanford ISRM sediments. Lines represent best-fit 
Rayleigh Models.  	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Table 2.1. Isotopic fractionations for PRB phases and Hanford ISRM sediments. 
  Experiment 1 Experiment 2 Combined 
  ε (‰) 2 s.e. Time for ~50% Reduction  ε (‰) 2 s.e. 
Time for  ~50% 
Reduction  ε (‰) 2 s.e. 
Goethite −3.91 0.16 70 d     −3.91 0.16 
FeS −2.18 0.06 90 min  −2.09 0.05 60 min −2.11 0.04 
Green Rust −2.76 0.11 35 min −2.55 0.11 35 min −2.65 0.11 
Siderite −2.76 0.20 10 hr −2.96 0.22 123 hr −2.67 0.25 
Sediments −3.12 0.11 5 d −3.27 0.12 12 d −3.18 0.09 
	  	  
  
 43 
CHAPTER 3 	  
Cr Isotope Fractionation Factors for Cr(VI) Reduction by a 
Metabolically Diverse Group of Bacteria 
 
Anirban Basu 
Thomas M. Johnson 
Robert Sanford 	  	  
 
Department of Geology, University of Illinois at Urbana-Champaign, 208 Natural History 
Building, 1301 West Green Street, Urbana, Illinois, 61801 
 
 	  
 44 
ABSTRACT 	  
Reduction of Cr(VI) is an important process that determines the geochemical behavior, 
mobility and bioavailability of Cr in both terrestrial and marine environments. Many of the 
metabolically diverse microorganisms possess Cr(VI) reduction capacity. Cr(VI) reduction 
fractionates Cr isotopes and thus 53Cr/52Cr ratios can be used to monitor Cr(VI) reduction and 
redox conditions.  The magnitude of isotopic fractionation (ε) for a variety of microbial reduction 
mechanisms must be known to enable interpretation of observed shifts in 53Cr/52Cr ratios. We 
determined isotopic fractionation factors for Cr(VI) reduction by metal reducers Geobacter 
sulfurreducens and Shewanella sp. (Neckar River), a denitrifying soil bacterium Pseudomonas 
stutzeri DCP-Ps1, and a sulfate reducer D. vulgaris. All bacteria investigated in this study 
produced significant Cr isotope fractionation. The fractionation (ε) for G. sulfurreducens, 
Shewanella sp. (Neckar River), P. stutzeri DCP-Ps1, and D. vulgaris were −3.03‰ ± 0.12‰, 
−2.17‰  ± 0.22‰, −3.14‰  ± 0.13‰, and −3.01‰ ± 0.11‰, respectively. Despite differences 
in microbial strains in this study, the ε did not vary significantly except for Shewanella sp. 
(Neckar River). Our results suggest that strong isotopic fractionation is induced during Cr(VI) 
reduction under electron donor poor conditions.  
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INTRODUCTION 
Redox cycling of chromium (Cr) is a critical process that controls its geochemical 
behavior in various settings including both ancient and modern terrestrial and marine systems 
(e.g., Berna et al., 2010; Frei et al., 2010). The oxidized species, Cr(VI) is a thermodynamically 
stable soluble species at low temperature, circum-neutral pH conditions whereas the reduced 
trivalent species, Cr(III), is sparingly soluble and less toxic. The oxidation state of Cr determines 
the solubility, and therefore its mobility and toxicity in aqueous systems.  
 Extensive industrial use of hexavalent Chromium (Cr(VI)), a known carcinogen and 
mutagen (Losi et al, 1994; De Flora, 1999), has led to soil and groundwater Cr contamination in 
many parts of the world. (Testa, 2004). Reduction of Cr(VI) to Cr(III) immobilizes Cr and 
bioremediation of contaminated sites offers promise in this regard. Enzymatic Cr(VI) reduction 
by numerous microbial species including facultative anaerobes (e.g. E. coli (Bae et al., 2005), S. 
oneidensis MR-1 (Myers et al., 2000)), obligate anaerobes (e.g. Desulfotomaculum reducens 
(Tebo and Obraztsova, 1998)) and also aerobes (e.g. Pseudomonas ambigua G-1 (Suzuki et al., 
1992), Pseudomonas putida (Ishibashi et al., 1990)) is demonstrated in the laboratory studies and 
successful bioremediation of Cr(VI) has been achieved in field scale studies (Hubbard et al., 
2008). 
The breakage of Cr–O bonds and production of unstable intermediate products Cr(V) and 
Cr(IV) during microbial Cr(VI) reduction (Suzuki et al., 1992; Myers et al., 2000; Kalabegishvili 
et al., 2003) leads to kinetic isotopic fractionation (Sikora et al., 2008). The lighter Cr isotopes 
are reduced at a faster rate leaving the remaining unreacted Cr(VI) enriched in the heavier 
isotopes. The resulting shift in the 53Cr/52Cr ratio may be used as an indicator of Cr(VI) 
reduction. Unlike Cr(VI) concentrations, 53Cr/52Cr ratios are little sensitive to processes like 
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dilution, dispersion, and adsorption. Therefore, 53Cr/52Cr ratios are successfully employed to 
monitor Cr(VI) reduction in contaminated sites (Berna et al, 2009; Raddatz et al, 2010). The 
magnitude of the isotopic fractionation is measured by the isotopic fractionation factor, α, 
defined as: 
                                                                       (1) 
where Rproduct and Rreactant are the 53Cr/52Cr in the reaction product flux and in the remaining 
reactant pool, respectively. The fractionation factor α is often represented by ε (ε = 1000‰*(α-
1)), which is often a more convenient way to express the size of the isotopic fractionation. This 
parameter is the calibration factor connecting the changes in 53Cr/52Cr ratios with the extent of 
reduction. Therefore, a precise determination of ε for microbial Cr(VI) reduction reactions is 
necessary for effective interpretation of Cr isotope data from any setting where microbial action 
may reduce Cr(VI). 
Although several genera of anaerobic and aerobic bacteria can reduce Cr(VI) to Cr(III), 
isotopic fractionation of Cr associated with microbial reduction is not yet well understood. We 
are aware of only two published studies that have investigated Cr isotope fractionation during 
microbial Cr(VI) reduction. Sikora et al. (2008) reported strong fractionation (ε = −4.0 to 
−4.5‰) by Shewanella oneidensis MR-1 in washed cell suspensions with 3–100 µM lactate 
added as an electron donor. The fractionation was variable, being significantly weaker (ε = 
−1.8‰) in one experiment with 10.2 mM lactate. In a recent study on Cr(VI) reduction by 
Pseudomonas stutzeri strain RCH2, Han et al., (2012) have reported a weaker fractionation (ε ~ 
−2‰) during aerobic reduction, and very little fractionation (ε ~ −0.4‰) for reduction under 
denitrifying conditions. These studies suggest significant variations may exist between different 
Cr reducing bacteria and also between different reaction conditions for the same bacterium.  
α =
Rproduct
Rreactant
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A robust understanding of the isotopic fractionation of Cr during microbial Cr(VI) 
reduction is required in order to extend the Cr stable isotope approach to field conditions to 
quantify Cr reduction. In this work, we experimentally determined isotopic fractionation by 
several well studied Cr(VI) reducers with a variety of reaction mechanisms. The ε values were 
determined for metal reducers G. sulfurreducens, Shewanella sp. (Neckar River) and a 
denitrifying soil bacteria Pseudomonas stutzeri strain DCP-Ps1 in anaerobic batch incubations 
with Cr(VI) as the sole electron acceptor. We determined the ε for a sulfate reducer 
Desulfovibrio vulgaris strain Hildenborough for Cr(VI) reduction in continuously fed batch 
reactors with pyruvate supplied as an electron donor. Our main objectives were to determine i) 
the variability in ε during microbial Cr(VI) reduction with Cr(VI) as the sole electron acceptor ii) 
whether ε varies with the metabolic pathways (i.e. bacterial species) iii) whether reduction under 
electron donor-poor conditions always yields large isotopic fractionation.  
MATERIALS AND METHODS 
Medium for Microbial Cultures   
All cells were grown at 30°C in 160 mL glass serum bottles with a 100 mL working 
volume. The cultures of G. sulfurreducens, Shewanella sp. (Neckar River) and P. stutzeri strain 
DCP-Ps1 were grown using a anaerobic mineral-salt medium described in He and Sanford 
(2002). In order to avoid abiotic Cr(VI) reduction by the medium itself, we carefully reduced the 
amount of Na2S to 50 µM in our medium for growing cultures. Any other reductant, including 
the resazurin solution was omitted from the medium. The medium was anaerobic, sterile and 
bicarbonate buffered (10 mM) with a N2-CO2 (80:20) headspace. The composition of the 
medium for Cr(VI) incubation experiments with G. sulfurreducens, Shewanella sp. (Neckar 
River) and P. stutzeri strain DCP-Ps1 was identical with our growth medium with the exception 
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of Na2S concentration. Na2S and all other reductants were completely excluded from the medium 
used for Cr(VI) incubations.  
G. sulfurreducens cultures received 3 mM acetate as electron donor and 10 mM fumerate 
as electron acceptor. Shewanella sp. (Neckar River) was grown on 2.5 mM lactate as electron 
donor and 1 mM NO3- as electron acceptor. P. Stutzeri strain DCP-Ps1 cultures received 4 mM 
acetate as electron donor and 2 mM NO3- as electron as electron acceptor. The stock cultures 
were grown to a cell density of about 108 cells/mL and a 10% inoculum of these stock cultures 
were used for Cr(VI) incubation experiments.  
D. vulgaris were grown differently in batch cultures using a sulfate-free mineral salt 
medium modified from He and Sanford (2002). The trace salt solution in the mineral salt 
medium described in He and Sanford 2002 was replaced with a sulfate-free trace salt solution 
containing 0.6 g/L CaCl2, 1g/L MgCl2. 6H2O, and 0.5 g/L FeCl2. 4H2O. The sulfate-containing 
solution was omitted in order to avoid production of biogenic sulfide, which would readily 
reduce Cr(VI). All reductants, including the resazurin solution were also excluded from the 
medium. The same medium was used in Cr(VI) incubations with D. vulgaris. The cultures of D. 
vulgaris were grown on 5 mM pyruvate as a fermentable substrate and the stock culture was later 
diluted ten-fold for Cr(VI) incubation reactions.  
Batch Incubations with Cr(VI) 
For anaerobic batch experiments with G. sulfurreducens, Shewanella sp. (Neckar River), 
and P. stutzeri DCP-Ps1 Cr(VI), we used glass serum bottle reactors with working volumes of 
100 mL using the reductant-free mineral-salt medium described above. For each bacterium, the 
Cr(VI) reduction experiments included duplicate reactors with active cells and a no-cell abiotic 
control. The serum bottles were filled with 90 mL of reductant-free medium and inoculated with 
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10 mL of stock cultures (10% v/v). All reactors were sampled for cell density measurements by 
flow-cytometry prior to Cr(VI) incubations. An aliquot of a degassed and sterile Na2CrO4 stock 
solution (0.96 mM) was injected in to the reactors to achieve a targeted initial Cr(VI) 
concentration. All reactors received ~300 µM of an appropriate electron donor (acetate or 
lactate). The control experiments for all reactors received the equal amount of Cr(VI) and the 
electron donor as the experiments with active cells. Throughout the course of the experiments, all 
reactors were shaken at 125 rpm, and incubated at 30°C in the dark to avoid potential 
photochemical reactions. All reactors were sampled at regular intervals using N2-flushed 
syringes and the sampled volume was replaced by N2. The samples were filtered with the 0.3 µm 
filter and stored at 4°C.  
Continuously Fed-Batch Incubations with Cr(VI) 
The Cr(VI) incubations with D. vulgaris were done using an experimental set up where 
each reactor was provided with a continuous supply of the electron donor as a substrate. The 
design and the working principles of this experimental set up are described by He and Sanford 
(2004). We set up the continuously fed batch system as an array of five 160 mL glass serum 
bottle reactors, each attached to a supply assembly containing a 2.5 mL glass syringe, connected 
to a cannula through PEEK tubing.  The cannula from each supply assembly was inserted into a 
reactor. The syringes were filled with the stock sodium pyruvate solution, which was delivered in 
to the reactors using a syringe pump. The reactor array contained two active cell experiments, 
one experiment with aerated cells (see below), one experiment with heat-killed cells and one 
abiotic control experiment with no bacteria. We intended to include a control experiment with D. 
vulgaris cells deactivated by exposure to air. The aeration of cells were done by injecting 20 mL 
of air in to the 60 mL headspace of a bottle containing 100 mL of stock culture of D. vulgaris.  
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We filled the serum bottles with 80 mL of sulfate- and reductant-free medium. The 
reactors were then inoculated with 16 mL of stock cultures (20% v/v). Before the Cr(VI) 
injection, each reactor was sampled for cell density measurements using LSR II (BD 
Biosciences) flow cytometry analyzer. We injected an appropriate amount of the Cr(VI) stock 
solution into the reactors for the targeted initial Cr(VI) concentration. All reactors, including the 
controls, received a 5 mM pyruvate solution as an electron donor at a volumetric rate of 0.078 
mL/hr (approximately 100 µM/d).  The reactor array was incubated in the dark at 30°C and 
shaken constantly at all times. Sampling protocol and the storage of the samples were similar to 
the batch incubations described above. The pyruvate concentrations in samples were measured 
using a Shimadzu Prominence high-pressure liquid chromatograph with a BioRad Aminex HPx-
87H column. 
Analytical Methods: Cr(VI) Concentration and Isotope Measurements  
Cr Concentration and Isotope Measurements  
We determined preliminary Cr(VI) concentrations by a colorimetric method using 
diphenyl carbazide assay according to U.S. Environmental Protection Agency method 7196A. 
We obtained more precise Cr(VI) concentrations from isotope dilution calculations from Cr 
isotope measurements. The isotopic measurements were carried out using a Nu Instruments HR 
multicollector inductively coupled plasma mass spectrometer (MC-ICP-MS) following a method 
described by Schoenberg et al. (2008). We used a double isotope spike technique to correct for 
isotopic fractionation during sample purification and mass spectrometry (Ellis et al., 2002; 
Johnson and Bullen, 2004; Schoenberg et al., 2008). We added an aliquot of a solution 
containing two spike isotopes, 54Cr and 50Cr to each sample prior to sample purification. 
Dissolved Cr (VI) in samples was purified for mass spectrometry by passing the samples through 
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an anion exchange resin (AG1-X8 resin) where Cr (VI) was retained while matrix components 
were rinsed out, then reduced to Cr (III) and eluted. The isobaric interferences from Fe, V and Ti 
were measured and corrected for. The external precision (2σ) of the isotopic measurements was 
± 0.10‰ calculated from root mean square of the differences from 20 pairs of duplicate sample 
preparations.   
Interpretation of Cr Isotope Data 
The 53Cr/52Cr ratio is expressed using δ notation, which is a per mil deviation from the 
standard reference material NIST SRM-979. δ is defined as: 
              (2) 
In a well-mixed batch reactor with no back reaction, Cr(VI) reduction follows a Rayleigh process 
and the enrichment of 53Cr in the remaining Cr(VI) pool can be described according to the 
following relationship   
                  (3) 
where δ0 and c0 are the initial isotopic composition and Cr(VI) concentration, δ(t) and c(t) 
correspond to the isotopic composition and Cr(VI) concentration at time t,  and α is the isotopic 
fractionation factor. For the Cr(VI) batch incubations with G. sulfurreducens, Shewanella sp. 
(Neckar River) and P. stutzeri strain DCP-Ps1, α was determined from the slope of the best fit 
line in the plots of  vs. , linearized from equation (3). For the 
continuously fed batch reactors, the α values were determined in a slightly different way. The 
continuous supply of pyruvate into these reactors resulted in the dilution of the Cr(VI) 
concentration with time. For this reason, we calculated the α values from the slopes of linearized 
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plots equivalent to vs.  plots described in Scott et al., (2004). 
However, in this case, c(t) represents the measured Cr(VI) in the sample, and c0 represents the 
expected Cr(VI) concentration arising from dilution only. This is analogous to the approach we 
used to analyze the isotope data from Cr(VI) batch incubations. We calculated the uncertainties 
(2*s.e) in α from the uncertainties of the slopes calculated from the scatter of points relative to 
the best fit line, via standard linear estimation methods. Expressing α as ε is particularly useful 
since this quantity approximates the difference in the δ53Cr values between the remaining Cr(VI) 
and the reaction product flux.  
                                                          (4) 
RESULTS  
Cr(VI) reduction in Batch Incubations 
Cr(VI) reduction occurred in the batch incubations with G. sulfurreducens, Shewanella 
sp. (Neckar River), and P. stutzeri strain DCP-Ps1 (Fig. 3.1a, 3.1c, 3.1e). We observed Cr(VI) 
concentration decrease with time in all reactors except in the abiotic control experiments. A first 
order kinetics model reasonably explained the data from each reactor. The rate of Cr(VI) 
reduction varied between the bacteria and also between duplicate reactors. The half-lives (t1/2) 
for Cr(VI) ranged from 1.16 hr to 23.98 hr (Table 3.1). In each reactor, Cr(VI) reduction rate 
remained constant during the course of the experiment. 
We observed a minor loss of Cr(VI) within the first minute of the experiments with G. 
sulfurreducens and P. stutzeri DCP-Ps1. The initial concentrations of Cr(VI) were not well 
constrained in these experiments due to uncertainties in the delivered amount of the Cr(VI). In 
the reactors with Shewanella sp. (Neckar River), we observed a loss of ~35% of the initial 
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Cr(VI) in the first minute of the experiments. After the first minute, the Cr(VI) reduction by 
Shewanella sp. (Neckar River) was slow and took ~5 hours to reach near completion.  
The cell-specific reduction rate, determined for each reactor, was defined as  
Cell-specific Reduction Rate = Δct1/2 *d
 
Where Δc is the Cr(VI) concentration decrease in the first half-life (t1/2) and d is the density of 
the bacterial population in the reactor. The cell-specific reduction rates in Cr(VI) batch 
incubation experiments ranged from 89 × 10-18 mol.cell-1.d-1 to 1065 × 10-18 mol.cell-1.d-1. We 
observed significant variation in the cell-specific reaction rates between different bacteria and 
also between the duplicate reactors with the same bacteria.  
Cr(VI) Reduction in Continuously Fed-Batch Reactors  
In duplicate reactors with active cells and in the reactor containing the aerated cells, 
Cr(VI) concentrations decreased significantly with time (Fig. 3.1g, Table 3.2). During the course 
of the experiment, the continuous supply of pyruvate into each reactor caused substantial 
dilution. We accounted for the dilution by carefully measuring the volume of sample withdrawn 
and the volume of pyruvate injected, for each reactor. The measured decrease in the Cr(VI) 
concentration in the samples from the reactors in the continuously fed-batch system is due to a 
combination of dilution and reduction. We represent our Cr(VI) concentration data as a ratio of 
measured Cr(VI) in the samples to the expected Cr(VI) due to dilution only 
(Cr(VI)measured/Cr(VI)dilution). This approach is similar to normalizing Cr(VI) concentrations by 
the initial Cr(VI), which represents the fraction of Cr(VI) reduction. In absence of any Cr(VI) 
reduction, Cr(VI)measured/Cr(VI)dilution should always be equal to 1. The reduction of Cr(VI) is the 
only process that drives this ratio to a value less than 1. We observed a steady decrease in the 
Cr(VI)measured/Cr(VI)dilution ratio with time in the reactors with active and aerated cells. A small 
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decrease in Cr(VI) concentrations was observed in both control experiments. The cell-specific 
reduction rates were low and varied from 12.3 × 10-18 mol.cell-1.d-1 to 65 × 10-18 mol.cell-1.d-1 in 
the reactors with active and aerated cells (Table 3.3).  
We observed an accumulation of pyruvate with time in the reactors. After an incubation 
time of 11 d, the pyruvate concentration was 1.81-2.39 mM in the reactors with active cells and 
in the reactor with the aerated cells (Fig. 3.2). Interestingly, we did not observe any resultant 
increase in the Cr(VI) reduction rate in these reactors.  
Microbial Cr(VI) Reduction: Isotopes 
For every bacterium tested in this study, we observed significant isotopic fractionation 
associated with microbial Cr(VI) reduction. The δ53Cr values of the remaining Cr(VI) in the 
reactors progressively increased as the reaction advanced (Fig 3.1b, 3.1d, 3.1f, 3.1h). There was 
no significant difference between ε values obtained from duplicate reactors. The ε values for all 
experiments are given in Table 3.3. The uncertainties (2*s.e.) in ε ranged from ±0.11‰ to 
±0.22‰.  
The fractionations for Cr(VI) reduction by G. sulfurreducens, P. stutzeri DCP-Ps1, and 
D. vulgaris were fairly strong (ε ≈ −3‰). The magnitudes of the isotopic fractionation (ε values) 
did not vary significantly between the bacteria except that Shewanella sp. (Neckar River) was 
substantially lower (ε = −2.17‰) (Fig. 3.1d, Table 3.3). In the continuously fed batch system, a 
single ε fits the data from the reactors with the active and aerated cells (Fig. 3.1h). The ε did not 
change during the course of any experiment within our ability to resolve such changes, as the 
data fit single values of ε within analytical uncertainties. We did not observe any systematic 
relationship between the cell-specific reduction rate and the magnitude of the isotopic 
fractionation in our microbial Cr(VI) reduction experiments. However, the lowest fractionation 
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was observed in the experiments with the highest cell-specific reduction rate. The magnitude of 
isotopic fractionation was independent of the initial Cr(VI) concentration.  
In duplicate reactors with Shewanella sp., the initial δ53Cr values were significantly 
elevated (δ53CrExp1= 1.30‰, δ53CrExp2= 1.11‰,) relative to the starting Cr(VI) solution (δ53Cr = 
−0.02‰). We do not have any data between the initial δ53Cr values and this elevated δ53Cr. 
However, after the first minute, the δ53Cr values increased smoothly in both reactors.  
DISCUSSION   
Rapid Early Reduction and Issues with Control Experiments  
A rapid Cr(VI) removal, accounting for ~35% of the initial Cr(VI), was observed in the 
duplicate reactors with Shewanella sp (Neckar River) within the first minute since the start of the 
experiment. We attribute this Cr(VI) removal to rapid reduction within the first minute of the 
beginning of the experiment as suggested by the initial δ53Cr values significantly elevated 
relative to the starting solution. Similarly, in one G. sulfurreducens experiment and in P. stutzeri 
DCP-Ps1 experiments, we observed elevated δ53Cr for the initial time point (Table 3.1). This 
rapid reduction may happen due to presence of large amount of activated enzymes in bacteria 
from the previous growth cycle. In our Rayleigh models, we considered the elevated δ53Cr 
measured for the second sampling points as effective starting points for our experiments. 
Accordingly, we normalized the remaining Cr(VI) fractions to the Cr(VI) concentrations 
corresponding to the elevated δ53Cr values. We are confident that from this time onward, our 
isotopic data represent the magnitude of isotopic fractionation by Shewanella sp. (Neckar River) 
accurately.  
The experiment with the aerated cells was initially designed as a control with bacterial 
cells deactivated by oxidative stress. Significant Cr(VI) reduction (59%) in this reactor suggests 
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that the amount of oxygen injected into the headspace was not enough to deactivate the cells. 
Furthermore, D. vulgaris is capable of surviving oxidative stress caused by a short exposure to 
oxygen using a mechanism involving periplasmic [Fe] hydrogenase (Fournier et al., 2004). Due 
to significant Cr(VI) reduction activity and concomitant isotopic fractionation comparable to that 
for the active cells, we treat the aerated cell reactor as a third identical experiment with active 
cells of D. vulgaris.  
We observed Cr(VI) concentration decrease with time in the control experiments for the 
continuously fed-batch system. In the heat-killed and no-cell control reactors, the Cr(VI) loss 
was 25% and 22% of the initial Cr(VI) concentrations, respectively. This is a matter of concern 
since any Cr(VI) reduction in the no-cell control implies reduction by the medium itself. The 
elevated final δ53Cr values in the heat-killed (δ53Cr = 0.85‰) and no-cell control (δ53Cr = 
0.64‰) experiments confirmed a small amount of reduction in these reactors. This reduction 
possibly originated from the slow breakdown of pyruvate. All reactors including the controls 
received a continuous supply of 5 mM sodium pyruvate solution as electron donor at all times 
during the 29 d incubation period. The pyruvate solution is known to be unstable at temperatures 
higher than −20°C at neutral pH and can slowly decarboxylate to form acetic acid (Margolis and 
Coxon, 1986). The slow degradation of sodium pyruvate solution at 30°C incubation temperature 
might have generated enough electron donating capacity to cause a small reduction of the initial 
Cr(VI) in the no-cell control experiment. An additional minor reduction in the heat-killed control 
is expected to occur from the reductant released from the killed cells. This is similar to Cr(VI) 
reduction from endogenous decay of the S. oneidensis MR-1 cells reported by Sikora et al. 
(2008). However, Cr(VI) reduction in triplicate reactors with live D. vulgaris cells is much larger 
(41%-77%) and the highest δ53Cr value from these reactors is about 80% larger then δ53Cr of the 
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heat-killed and no-cell controls. This leads us to believe that live cells, as opposed to the medium 
and the lysed cells, actively mediated most of the Cr(VI) reduction and associated isotopic 
fractionation in triplicate reactors with active D. vulgaris cells.  
Microbial Cr(VI) Reduction Mechanisms 
Mechanisms of Cr(VI) reduction vary depending on the microbial species. Different 
reduction mechanisms for Cr(VI) reduction were identified for G. sulfurreducens, S. oneidensis 
MR-1, P. stutzeri, D. vulgaris. Some dissimilatory metal reducing bacteria are known to reduce 
dissolved metals extracellularly. G. sulfurreducens is capable of reducing soluble electron 
acceptors using extracellular pili structures (Raguera et al., 2005; Cologgi et al., 2011), outer 
membrane cytochromes (Inoue et al, 2010), and periplasmic cytochromes (Lloyd et al, 2003). 
Previous studies have demonstrated the active role of an outer membrane cytochrome OmcZ 
(Inoue et al., 2010) and a periplasmic cytochrome PpcA in Cr(VI) reduction by G. 
sulfurreducens. Lloyd et al. (2006) have reported the involvement of cytochrome c7 in Cr(VI) 
reduction by G. sulfurreducens, although it is not critical to the reductive mechanism. G. 
Sulfurreducens may couple the oxidation of acetate with Cr(VI) reduction (Lloyd 2006). Cr(VI) 
reduction does not support growth of G. sulfurreducens.  
The Cr(VI) reduction activity in Shewanella oneidensis MR-1 is co-metabolic in nature 
and involves multiple reduction mechanisms (Viamajala et al., 2002; Middleton et al., 2003). 
Middleton et al. (2003) have observed both intracellular and extracellular localization of Cr(III) 
precipitates. Membrane-bound enzymes are demonstrated to play an active role in Cr(VI) 
reduction initiated by one electron transfer leading to formation of Cr(V) (Meyer et al., 2000). In 
S. oneidensis strain DSP10, Neal et al. (2002) have identified a mixture of Cr(IV) and Cr(III) in 
the reduction products during Cr(VI) reduction by anaerobically grown cells. These studies 
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suggest that Cr(VI) reduction may proceed via one electron transfer in S. oneidensis. However, 
due to broad diversity in metabolic pathways of Shewanella genera, the Cr(VI) reduction 
mechanism and the fashion of electron transfer may vary significantly from one species to 
another. The Cr(VI) reduction mechanism by Shewanella sp. (Neckar River) is not yet 
characterized, but we surmise that multiple extra- and intracellular enzymes likely play an active 
role in Cr(VI) reduction by Shewanella sp. (Neckar River).  
Several strains of Pseudomonas stutzeri species are capable of Cr(VI) reduction, but the 
reduction mechanism varies significantly. For example, P. stutzeri strain KC can reduce Cr(VI) 
secreting a soluble siderophore (Zawadzka et al., 2007) whereas Cr(VI) reduction by P stutzeri 
strain RCH2 is cometabolic both under aerobic and denitrifying conditions (Han et al., 2010). 
Han et al., (2010) observed a much slower Cr(VI) reduction rate under denitrifying conditions in 
the absence of nitrate and suggested a possible role of nitrate/nitrite reductases in Cr(VI) 
reduction. Generally, P. stutzeri is known to contain high concentrations of c type cytochromes 
as a part of the nitrate/nitrite reduction pathways (Lalucat et al., 2006). The exact mechanism of 
Cr(VI) reduction by P. stutzeri DCP-Ps1 is not known. However, extracellular Cr(III) 
precipitates, with some occasional intracellular deposits, are observed during anaerobic Cr(VI) 
by two strains of P. stutzeri  (Badar et al., 2000) suggesting multiple Cr(VI) mechanisms may 
exist in P. stutzeri. 
Cr(VI) reduction by Desulfovibrio genera involves multiheme cytochromes. In D. 
vulgaris, Cr(VI) reductase activity is associated with membrane-bound cytochrome c3 and 
hydrogenase (Lovley and Phillips, 1994; Michel et al., 2001; Chardin et al., 2003). Cr(III) 
products are observed in the periplasmic space and associated with the cell membranes (Goulhen 
et al., 2007). D. vulgaris is known to utilize several electron donors (e.g. lactate, formate, or 
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pyruvate) for Cr(VI) reduction. Klonowska et al. (2008) have suggested that pyruvate may 
induce increased Cr tolerance and protect the cells from Cr toxicity.  
Although the electron transfer pathways for microbial Cr(VI) reduction are not well 
understood, enzymatic Cr(VI) reduction mechanisms occur in the cytoplasm, periplasmic space, 
on the cell surface and also outside the cell, depending on the microbial species. As the isotopic 
fractionation during microbial Cr reduction is related to reconfiguration of Cr–O bonds, and the 
expression of this kinetic isotope effect depends on the interplay of Cr(VI) reduction and the 
transport of Cr(VI) to the sites of reduction (see below), variation in reduction mechanism and 
location of enzymatic activities might have the potential to influence the magnitude of Cr(VI) 
isotopic fractionation. 
Variability in ε among bacterial strains  
The reduction of Cr(VI) to Cr(III) requires transfer of three electrons and the reaction 
progresses in a stepwise fashion via unstable intermediates, Cr(V) and Cr(IV). Analogous to 
microbial sulfate or nitrate reduction, both the kinetics of individual steps and the reaction 
mechanism control the magnitude of the isotopic fractionation. Based on previous studies on 
microbial S isotope fractionation (e.g. Rees, 1973; Canfield, 2001; Brunner and Bernasconi, 
2005, Johnston et al., 2007) and C and H isotope fractionation during photosynthesis (e.g. Hayes 
2001), a conceptual model was developed to explain Cr and Se isotopic fractionation during 
microbial Cr(VI) and Se(VI) reduction (Sikora et al., 2008; Johnson and Bullen, 2004; Johnson, 
2011). Here we briefly summarize the important points of this model: 1) The magnitude of 
isotopic fractionation for a reaction chain comprising multiple steps is the sum of the 
fractionations for all intermediate steps up to and including the rate-limiting step. 2) The steps 
after the rate-limiting step do not contribute to the overall isotopic fractionation even if these 
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individual steps may generate some isotopic fractionation. This general approach is helpful in 
understanding the isotopic fractionation during microbial Cr(VI) reduction.  
In the model described above, reduction kinetics, location of reduction, and the fashion of 
the electron transfer from the enzymes may play important roles. For predominantly extracellular 
Cr(VI) reduction occurring on the outer-membrane of the cell, Cr(VI) receives one or multiple 
electrons at a time from the terminal part of the electron transport chain of the cell. This causes 
preferential reduction of 52Cr leading to an enrichment of 53Cr in the remaining Cr(VI) solution. 
The resulting isotopically fractionated Cr(VI) mixes with the bulk Cr(VI) pool and the kinetic 
isotope effect is fully expressed and it is not limited by diffusion/transport of the fractionated 
Cr(VI). The overall isotopic fractionation, therefore, is expected to be relatively large and 
independent of reduction rate.  
In contrast, isotopically fractionated Cr(VI) generated by intracellular Cr(VI) reduction 
must leak out and mix with the bulk Cr(VI) pool outside the cell for a kinetic isotope effect to be 
expressed in the bulk Cr(VI) pool. In this case, the degree of leakage from the cells limits the 
chemical communication between the intracellular fractionated Cr(VI) pool and the bulk Cr(VI) 
pool outside the cell. The rate of intracellular Cr(VI) reduction relative to the rate of diffusion or 
active transport of Cr(VI) becomes important in determining the magnitude of isotopic 
fractionation. A strong isotopic fractionation is produced during the enzymatic Cr(VI) reduction 
that reconfigures Cr bonds and modifies coordination of oxygens around Cr. Therefore, when 
enzymatic Cr(VI) reduction becomes rate-limiting, a strong isotopic fractionation is expected. 
On the other hand, when diffusion or transport of Cr(VI) in and out of the cells is the rate-
limiting step, an overall weaker isotopic fractionation results as this step does not involve any 
redox change. Using the general framework described above, we discuss the results from our 
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microbial Cr(VI) reduction experiments in comparison with previous microbial Cr isotope 
studies in order to understand the systematics of the isotopic fractionation during microbial 
Cr(VI) reduction.  
Previous studies reported Cr isotope fractionation during microbial Cr(VI) reduction. The 
ε for Cr(VI) reduction by S. oneidensis MR1 was −4.2 ± 0.2‰ under electron donor-poor (3 to 
100 µM lactate) conditions (Sikora et al., 2008). The cell specific reduction rate observed within 
the first 24 hr in these experiments ranged from 37×10-18 mol.cell-1.d-1 to 92×10-18 mol.cell-1.d-1. 
In one donor-rich (10.2 mM lactate) experiment with a much higher cell-specific reduction rate 
(450×10-18 mol.cell-1.d-1 in the first 24 hr), the fractionation was much weaker (ε =1.8‰). These 
results imply a dependence of isotopic fractionation on the cell-specific Cr(VI) reduction rate. 
Sikora et al. (2008) suggested that, by analogy to models of S isotope fractionation during sulfate 
reduction, the fractionation for MR-1 (ε = −4.2‰) observed in the low-donor experiments was 
probably the strongest possible fractionation for microbial Cr(VI) reduction at extremely low 
cell-specific reduction rate. The ε for P. stutzeri RCH2 was −2.0 ± 0.4‰ during aerobic Cr(VI) 
reduction and −0.4 ± 0.2‰ during Cr(VI) reduction under denitrifying conditions (Han et al, 
2012). The cell-specific Cr(VI) reduction rates under aerobic and denitrifying conditions were 
3.5×10-19 mol.cell-1.d-1 and 1.8×10-19 mol.cell-1.d-1, respectively. Han et al. (2012) suggested that 
transport of Cr(VI) into the cell was the rate-limiting step for Cr(VI) reduction under denitrifying 
conditions leading to minimal isotopic fractionation.  
Our results show that G. sulfurreducens and P. stutzeri strain DCP-Ps1, induced identical 
isotopic fractionation (ε ≈ −3.0 ‰) during anaerobic Cr(VI) reduction under similar electron 
donor concentrations (~300 µM acetate). Despite slightly different reaction conditions in the 
continuously fed batch system, the fractionation produced by D. vulgaris (ε = −3.01‰) also 
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matches this value. This similarity is remarkable despite differences in microbial strains. 
However, the ε ≈ −3.0‰ is considerably weaker than strongest fractionation (ε = −4.2‰) 
observed so far for S. oneidensis MR-1. Sikora et al. (2008) also observed a decrease in isotopic 
fractionation with an increase in cell-specific reduction rate. According to the theoretical 
framework for microbial isotope fractionation, low cell-specific reduction rate implies enzymatic 
Cr(VI) reduction being rate-limiting. A strong isotopic fractionation is generally expressed in 
this case. On the other hand, at high cell-specific reduction rate, diffusion or active transport of 
Cr(VI) into the cell becomes partially rate limiting yielding weaker fractionation. However, the 
difference in the cell-specific reduction rate alone, cannot explain our data. We observed 
significant difference (up to a factor of 3) in our duplicate reactors with G. sulfurreducens, but a 
single ε fit all data from duplicate reactors. The cell-specific reduction rates for G. 
sulfurreducens experiments were close to that for MR-1 with ~100µM lactate. Similarly, there 
was no significant variation in fractionations in the duplicate reactors with P. sutzeri DCP-Ps1, 
although the cell-specific reduction rate in these reactors varied by about a factor of 2. 
Furthermore, the experiments with D. vulgaris yielding almost identical fractionation (ε = 
−3.01‰) occurred at cell-specific reduction rates (≤ 65 × 10-18 mol.cell-1.d-1) similar to those in 
the donor-poor experiments with MR-1. The reason for similar magnitude of isotopic 
fractionation for metabolically diverse organisms is not quite clear. We suggest that fairly large 
fractionations for observed for G. sulfurreducens, P. sutzeri DCP-Ps1, and D. vulgaris may have 
resulted from predominantly extracellular Cr(VI) reduction and are probably characteristic of the 
microbial species studied here under donor-poor conditions. 
The fractionation for Shewanella sp. (Neckar River) is significantly weaker (ε = −2.2‰) 
compared to other bacteria studied here and that reported for S. oneidensis MR-1 (ε = −4.2‰) 
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under donor-poor conditions. Interestingly, ε for Shewanella sp. (Neckar River) is similar to the 
fractionation (ε = −1.8‰) observed for MR-1 in the rapid, donor-rich experiment. This similarity 
in fractionations may arise from comparable large cell-specific reduction rates in these 
experiments.  The average cell-specific reduction rate for Shewanella sp. (Neckar River) 
experiments was ~ 981×10-18 mol.cell-1.d-1 whereas the same reported for the donor-rich 
experiment with MR-1 was 450×10-18 mol.cell-1.d-1 in the first 24 h of the incubation time. 
According to the model for microbial isotopic fractionation described above, at high cell-specific 
reduction rates, active transport of Cr(VI) into the cell becomes partially rate limiting since the 
activated enzymes consume Cr(VI) very rapidly. Therefore, a weaker fractionation is exhibited 
in the experiments with high cell-specific reduction rate. Alternatively, the difference between 
the strong fractionation (ε = −4.2‰) expressed by MR-1 and our observed weaker ε for 
Shewanella sp. (Neckar River) can be explained by the differences in the reduction mechanism. 
This seems less likely since in absence of a specific Cr(VI) reductase, similar Cr(VI) reduction 
mechanisms are probably active in both cases.  
Our results show that during Cr(VI) reduction under anaerobic conditions with Cr(VI) as 
the sole electron acceptor, P. stutzeri DCP-Ps1 produced strong isotopic fractionation (ε = 
−3.14‰). This is remarkable since P. stutzeri RCH2 yielded a much weaker isotopic 
fractionation (ε = −2‰) for aerobic Cr(VI) reduction and a minimal isotopic fractionation (ε = 
−0.4‰) during cometabolic Cr(VI) reduction under denitrifying conditions. The cell-specific rate 
reported for these experiments were much lower compared to our P. stutzeri DCP-Ps-1 
experiments. The difference in the magnitude of isotopic fractionation for similar systems (i.e P. 
stutzeri) under different reaction conditions may arise from fundamentally different Cr(VI) 
reduction conditions. A physiological difference between these two P. stutzeri strains may also 
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be responsible for differences in observed fractionations. Further research is necessary to 
determine whether this is true for other microbial species.  
The concentration of electron donor did not have significant effect on Cr(VI) reduction 
by D. vulgaris. We observed a steady accumulation of pyruvate reaching a concentration of 
about 2 mM after 11 d of incubation in D. vulgaris reactors. We did not measure the final 
pyruvate concentration in these reactors. However, at the accumulation rate observed in the first 
11 days, the projected pyruvate concentration at the end of the 29 d incubation should be about 
7.5 mM. This value is particularly high since the average cell density in these reactors was 7×106 
cells/mL, almost an order of magnitude lower than that for other bacteria in this study. The high 
concentration of electron donor (> 2 mM) had little effect on the isotopic fractionation by D. 
vulgaris. A possible explanation for the observed relation between electron donor and Cr isotopic 
fractionation is this: Since D. vulgaris cultures were grown using pyruvate as a fermenting 
substrate, it is likely that in our experiments, cells maintained physiological activity by 
fermenting pyruvate at high pyruvate concentrations and this pyruvate consumption was not 
directly coupled with Cr(VI) reduction. Therefore slow pyruvate fermentation provided reducing 
power required for Cr(VI) reduction which was only a minor fraction of total reducing equivalent 
of the accumulated pyruvate. The resulting Cr(VI) reduction rate as well as the Cr isotope 
fractionation for D. vulgaris was thus virtually independent of the pyruvate concentration. We 
cannot evaluate the effect of electron donor concentrations for G. sulfurreducens, P. stutzeri, and 
Shewanella sp. (Neckar River) since the electron donor concentrations in these experiments were 
similar (~300 µM).  
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CONCLUSIONS 
The results from our experiments demonstrate significant isotopic fractionation during 
Cr(VI) reduction by all bacteria investigated in this study. The magnitude of isotopic 
fractionation for Cr(VI) reduction by the metal reducer G. sulfurreducens, denitrifier P. stutzeri 
DCP-Ps1 and sulfate reducer D. vulgaris was ~ −3.0‰. These organisms produced similar 
fractionation at varying cell-specific reduction rate. The reason for this similarity in ε is not clear 
and may have resulted from a predominantly extracellular Cr(VI) reduction characteristic to the 
microbial species.  
The ε yielded by Shewanella sp. (Neckar River) was significantly weaker (−2.17‰) but 
comparable to ε = −1.8‰ reported for S. oneidensis MR-1 under donor-rich conditions that 
induced rapid reduction. We attribute this weaker fractionation to a high cell-specific reduction 
rate for Shewanella sp. (Neckar River). In contrast to the results reported by Han et al. (2012), P. 
stutzeri DCP-Ps1 produced a strong isotopic fractionation of −3.14‰ during incubations with 
Cr(VI) as the sole electron acceptor. This suggests that under radically different reaction 
conditions (e.g. presence of other energy yielding electron acceptors), similar strains probably 
employ different reduction mechanisms.  
The accumulation of the supplied electron donor (i.e., pyruvate) in our continuously fed 
batch experiments did not impact the Cr(VI) reduction rate or the magnitude of Cr isotope 
fractionation. We suggest a decoupling of pyruvate oxidation and Cr(VI) reduction in our 
experiments. However, for other experiments in this study, electron-donor poor conditions 
generally yielded strong isotopic fractionations.  
  
 66 
REFERENCES 
Badar U., Ahmed N., Beswick A., Pattanapipitpaisal P. and Macaskie L. (2000) Reduction of 
chromate by microorganisms isolated from metal contaminated sites of Karachi, Pakistan. 
Biotechnol. Lett. 22, 829-836.  
Bae W. C., Lee H. K., Choe Y. C., Jahng D. J., Lee S. H., Kim S. J., Lee J. H. and Jeong B. C. 
(2005) Purification and characterization of NADPH-dependent Cr (VI) reductase from 
Escherichia coli ATCC 33456. J Microbiol 43, 21-27.  
Berna E. C., Johnson T. M., Makdisi R. S. and Basu A. (2009) Cr stable isotopes as indicators of 
Cr (VI) reduction in groundwater: A detailed time-series study of a point-source plume. 
Environ. Sci. Technol. 44, 1043-1048.  
Brunner B. and Bernasconi S. M. (2005) A revised isotope fractionation model for dissimilatory 
sulfate reduction in sulfate reducing bacteria. Geochim. Cosmochim. Acta 69, 4759-4771.  
Canfield D. E. (2001) Biogeochemistry of sulfur isotopes; Stable isotope geochemistry. Reviews 
in Mineralogy and Geochemistry 43, 607-636.  
Chardin B., Giudici-Orticoni M. T., Luca G. D., Guigliarelli B. and Bruschi M. (2003) 
Hydrogenases in sulfate-reducing bacteria function as chromium reductase. Appl. Microbiol. 
Biotechnol. 63, 315-321.  
Cologgi D. L., Lampa-Pastirk S., Speers A. M., Kelly S. D. and Reguera G. (2011) Extracellular 
reduction of uranium via Geobacter conductive pili as a protective cellular mechanism. 
Proceedings of the National Academy of Sciences 108, 15248-15252.  
De Flora S. (2000) Threshold mechanisms and site specificity in chromium (VI) carcinogenesis. 
Carcinogenesis 21, 533-541.  
 67 
Ellis A. S., Johnson T. M. and Bullen T. D. (2002) Chromium isotopes and the fate of hexavalent 
chromium in the environment. Science 295, 2060.  
Fournier M., Dermoun Z., Durand M. C. and Dolla A. (2004) A new function of the 
Desulfovibrio vulgaris Hildenborough [Fe] hydrogenase in the protection against oxidative 
stress. J. Biol. Chem. 279, 1787-1793.  
Goulhen F., Gloter A., Guyot F. and Bruschi M. (2006) Cr (VI) detoxification by Desulfovibrio 
vulgaris strain Hildenborough: microbe–metal interactions studies. Appl. Microbiol. 
Biotechnol. 71, 892-897.  
Han R., Geller J. T., Yang L., Brodie E. L., Chakraborty R., Larsen J. T. and Beller H. R. (2010) 
Physiological and transcriptional studies of Cr (VI) reduction under aerobic and denitrifying 
conditions by an aquifer-derived Pseudomonad. Environ. Sci. Technol. 44, 7491-7497.  
Han R., Qin L., Brown S. T., Christensen J. N. and Beller H. R. (2012) Differential Isotopic 
Fractionation during Cr (VI) Reduction by an Aquifer-Derived Bacterium under Aerobic 
versus Denitrifying Conditions. Appl. Environ. Microbiol. 78, 2462-2464.  
Hayes J. M. (2001) Fractionation of carbon and hydrogen isotopes in biosynthetic processes; 
Stable isotope geochemistry. Reviews in Mineralogy and Geochemistry 43, 225-277.  
He Q. and Sanford R. A. (2004) The generation of high biomass from chlororespiring bacteria 
using a continuous fed-batch bioreactor. Appl. Microbiol. Biotechnol. 65, 377-382.  
He Q. and Sanford R. A. (2002) Induction characteristics of reductive dehalogenation in 
theortho-halophenol-respiring bacterium, Anaeromyxobacter dehalogenans. Biodegradation 
13, 307-316.  
Hubbard S. S., Williams K., Conrad M. E., Faybishenko B., Peterson J., Chen J., Long P. and 
Hazen T. (2008) Geophysical monitoring of hydrological and biogeochemical 
 68 
transformations associated with Cr (VI) bioremediation. Environ. Sci. Technol. 42, 3757-
3765.  
Inoue K., Qian X., Morgado L., Kim B. C., Mester T., Izallalen M., Salgueiro C. A. and Lovley 
D. R. (2010) Purification and characterization of OmcZ, an outer-surface, octaheme c-type 
cytochrome essential for optimal current production by Geobacter sulfurreducens. Appl. 
Environ. Microbiol. 76, 3999-4007.  
Ishibashi Y., Cervantes C. and Silver S. (1990) Chromium reduction in Pseudomonas putida. 
Appl. Environ. Microbiol. 56, 2268-2270.  
Johnson T. M. (2011) Stable isotopes of Cr and Se as tracers of redox processes in earth surface 
environments. Handbook of environmental isotope geochemistry155-175.  
Johnson T. M. and Bullen T. D. (2004) Mass-dependent fractionation of selenium and chromium 
isotopes in low-temperature environments. Reviews in mineralogy and geochemistry 55, 289.  
Johnston D. T., Farquhar J. and Canfield D. E. (2007) Sulfur isotope insights into microbial 
sulfate reduction: When microbes meet models. Geochim. Cosmochim. Acta 71, 3929-3947.  
Kalabegishvili T. L., Tsibakhashvili N. Y. and Holman H. Y. N. (2003) Electron spin resonance 
study of chromium (V) formation and decomposition by basalt-inhabiting bacteria. Environ. 
Sci. Technol. 37, 4678-4684.  
Klonowska A., Clark M., Thieman S., Giles B., Wall J. and Fields M. (2008) Hexavalent 
chromium reduction in Desulfovibrio vulgaris Hildenborough causes transitory inhibition of 
sulfate reduction and cell growth. Appl. Microbiol. Biotechnol. 78, 1007-1016.  
Lalucat J., Bennasar A., Bosch R., García-Valdés E. and Palleroni N. J. (2006) Biology of 
Pseudomonas stutzeri. Microbiology and Molecular Biology Reviews 70, 510-547.  
 69 
Lloyd J. R., Myerson A. L. H., Leang C., Coppi M. V., Cuifo S., Methѐ B. A., Lovley D. and 
Sandler S. J. (2003) Biochemical and genetic characterization of PpcA, a periplasmic c-type 
cytochrome in Geobacter sulfurreducens. Biochem. J. 369, 153-161.  
Lloyd J. R., Renshaw J. C., Law N., May I. and Livens F. R. (2006) Mechanisms for the 
reduction of radionuclides and other metal contaminants in Geobacter sulfurreducens. 
United States. Department of Energy. Office of Science, Washington, D.C.  
Losi M., Amrhein C. and Frankenberger Jr W. (1994) Environmental biochemistry of chromium. 
Rev. Environ. Contam. Toxicol. 136, 91.  
Lovley D. R. and Phillips E. J. P. (1994) Reduction of chromate by Desulfovibrio vulgaris and 
its c3 cytochrome. Appl. Environ. Microbiol. 60, 726-728.  
Margolis S. and Coxon B. (1986) Identification and quantitation of the impurities in sodium 
pyruvate. Anal. Chem. 58, 2504-2510.  
Michel C., Brugna M., Aubert C., Bernadac A. and Bruschi M. (2001) Enzymatic reduction of 
chromate: comparative studies using sulfate-reducing bacteria. Appl. Microbiol. Biotechnol. 
55, 95-100.  
Middleton S. S., Latmani R. B., Mackey M. R., Ellisman M. H., Tebo B. M. and Criddle C. S. 
(2003) Cometabolism of Cr (VI) by Shewanella oneidensis MR‐1 produces cell‐associated 
reduced chromium and inhibits growth. Biotechnol. Bioeng. 83, 627-637.  
Myers C., Carstens B., Antholine W. and Myers J. (2001) Chromium (VI) reductase activity is 
associated with the cytoplasmic membrane of anaerobically grown Shewanella putrefaciens 
MR‐1. J. Appl. Microbiol. 88, 98-106.  
 70 
Neal A. L., Lowe K., Daulton T. L., Jones-Meehan J. and Little B. J. (2002) Oxidation state of 
chromium associated with cell surfaces of Shewanella oneidensis during chromate reduction. 
Appl. Surf. Sci. 202, 150-159.  
Raddatz A. L., Johnson T. M. and McLing T. L. (2010) Cr stable isotopes in Snake River Plain 
Aquifer groundwater: Evidence for natural reduction of dissolved Cr (VI). Environ. Sci. 
Technol. 45, 502-507.  
Rees C. E. (1973) A steady-state model for sulphur isotope fractionation in bacterial reduction 
processes. Geochim. Cosmochim. Acta 37, 1141-1162.  
Reguera G., McCarthy K. D., Mehta T., Nicoll J. S., Tuominen M. T. and Lovley D. R. (2005) 
Extracellular electron transfer via microbial nanowires. Nature 435, 1098-1101.  
Schoenberg R., Zink S., Staubwasser M. and Von Blanckenburg F. (2008) The stable Cr isotope 
inventory of solid Earth reservoirs determined by double spike MC-ICP-MS. Chem. Geol. 
249, 294-306.  
Scott K., Lu X., Cavanaugh C. and Liu J. (2004) Optimal methods for estimating kinetic isotope 
effects from different forms of the Rayleigh distillation equation. Geochim. Cosmochim. Acta 
68, 433-442.  
Sikora E. R., Johnson T. M. and Bullen T. D. (2008) Microbial mass-dependent fractionation of 
chromium isotopes. Geochim. Cosmochim. Acta 72, 3631-3641.  
Suzuki T., Miyata N., Horitsu H., Kawai K., Takamizawa K., Tai Y. and Okazaki M. (1992) 
NAD (P) H-dependent chromium (VI) reductase of Pseudomonas ambigua G-1: a Cr (V) 
intermediate is formed during the reduction of Cr (VI) to Cr (III). J. Bacteriol. 174, 5340-
5345.  
 71 
Tebo B. M. and Obraztsova A. Y. (2006) Sulfate‐reducing bacterium grows with Cr (VI), U (VI), 
Mn (IV), and Fe (III) as electron acceptors. FEMS Microbiol. Lett. 162, 193-198.  
Testa, S.M. (2004) Sources of chromium contamination in soil and groundwater. In Chromium 
(VI) Handbook; Guertin, J., Jacobs, J. A., Avakian, C. P., Eds.; CRC Press: Boca Raton, FL,; 
pp143-164. 
Viamajala S., Peyton B. M., Apel W. A. and Petersen J. N. (2002) Chromate/nitrite interactions 
in Shewanella oneidensis MR‐1: Evidence for multiple hexavalent chromium [Cr (VI)] 
reduction mechanisms dependent on physiological growth conditions. Biotechnol. Bioeng. 
78, 770-778.  
Zawadzka A. M., Crawford R. L. and Paszczynski A. J. (2007) Pyridine-2, 6-bis (thiocarboxylic 
acid) produced by Pseudomonas stutzeri KC reduces chromium (VI) and precipitates 
mercury, cadmium, lead and arsenic. Biometals 20, 145-158.  
 
 
 
 
 
 
 72 
FIGURES AND TABLES 
 
Fig. 3.1. The left panel shows the Cr(VI) reduction by a) G. sulfurreducens c) Shewanella sp. (Neckar River), e) P. 
stutzeri DCP-Ps1, g) D. vulgaris. The right panel shows concomitant increase in δ53Cr plotted against fraction of 
remaining Cr(VI) during reduction for b) G. sulfurreducens d) Shewanella sp. (Neckar River), f) P. stutzeri DCP-
Ps1, h) D. vulgaris. The best fit Rayleigh models are shown by the dotted lines.  
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Fig. 3.2. The increase in pyruvate concentration with time in the continuously fed batch reactors.  
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Table 3.1. Results from Cr(VI) batch incubations with G. sulfurreducens, Shewanella sp. (Neckar River), 
e) P. stutzeri DCP-Ps1 
G. sulfurreducens Exp 1   
Time (hr) Cr(VI) (µM)  % Reduced  δ53Cr(‰) Half life of Cr(VI) 
0 5.22 0% -0.02‰ 
8.39 hr 
0.6 4.93 6% 0.31‰ 
1.6 4.11 21% 0.79‰ 
3.1 3.27 37% 1.53‰ 
4.7 2.73 48% 2.14‰ 
8.1 2.17 58% 2.79‰ 
18.9 1.06 80% 4.85‰ 
8.1 Duplicate 
 
2.84‰ 
     G. sulfurreducens Exp 2 
0 5.97 0% 0.44‰ 
5.07 hr 
0.6 5.56 7% 0.63‰ 
1.6 4.91 18% 1.03‰ 
3.1 4.08 32% 1.54‰ 
4.7 3.36 44% 2.14‰ 
8.1 2.29 62% 3.35‰ 
4.7 duplicate  
 
2.12‰ 
     Shewanella sp. (Neckar River) Exp 1   
0 3.28 0% 1.30‰ 
1.16 hr 0.6 2.36 28% 2.15‰ 
1.6 1.33 60% 3.29‰ 
3.1 0.51 84% 5.30‰ 
     Shewanella sp. (Neckar River) Exp 2   
0 3.86 0% 1.11‰ 
1.87 hr 1.6 1.77 54% 3.09‰ 
3.1 1.02 74% 4.30‰ 
4.7 0.68 82% 4.94‰ 
     P. stutzeri DCP-Ps1  Exp 1   
0 6.04 0% 0.12‰ 
23.98 hr 
1.6 5.58 8% 0.34‰ 
3.1 5.21 14% 0.46‰ 
4.7 4.78 21% 0.91‰ 
8.1 4.23 30% 1.16‰ 
18.9 3.45 43% 1.92‰ 
3.1 duplicate  
 
0.59‰ 
     P. stutzeri DCP-Ps1  Exp 1   
0 5.75 0% 0.18‰ 11.11 hr 
0.6 5.62 2% 0.19‰ 
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1.6 5.39 6% 0.33‰ 
3.1 5.01 13% 0.61‰ 
4.7 4.60 20% 0.86‰ 
8.1 3.92 32% 1.41‰ 
18.9 1.77 69% 3.86‰ 
8.1 duplicate  
 
1.49‰ 
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Table 3.2. Cr(VI) concentration, pyruvate concentration and Cr isotope results from continuously fed 
batch reactors with D. vulgaris.  
Cr(VI)measured (µM) 
t (d) Exp 1 Exp 2 Exp 3 (aerated) Heat-killed Control No Cell Control 
0.0 9.69 9.49 9.95 9.65 9.83 
1.2 7.89 7.50 8.51 9.29 9.73 
2.4 7.66 7.11 8.06 9.09 9.66 
4.0 7.00 6.22 7.11 8.14 8.78 
7.2 6.17 5.10 6.19 7.35 7.84 
10.9 5.74 4.08 5.50 6.83 7.81 
18.3 4.85 2.79 4.25 6.25 6.42 
22.2 4.22 2.03 3.37 4.91 5.12 
29.0 3.64 1.41 2.60 4.23 4.59 
Cr(VI)dilution (µM) 
0.0 9.69 9.49 9.95 9.65 9.83 
1.2 9.46 9.26 9.71 9.42 9.59 
2.4 9.25 9.06 9.50 9.21 9.38 
4.0 8.99 8.80 9.23 8.95 9.12 
7.2 8.64 8.46 8.87 8.60 8.76 
10.9 8.18 8.01 8.40 8.15 8.30 
18.3 7.25 7.10 7.44 7.22 7.35 
22.2 6.81 6.67 6.99 6.78 6.91 
29.0 6.18 6.05 6.34 6.15 6.27 
δ53Cr(‰) 
0.0 -0.05‰ -0.04‰ -0.09‰ -0.15‰ 0.03‰ 
1.2 0.61‰ 0.67‰ 0.43‰ 0.09‰ -0.11‰ 
2.4 
 
0.70‰ 0.59‰ 0.12‰ -0.11‰ 
4.0 0.81‰ 1.14‰ 0.77‰ 0.17‰ 0.09‰ 
7.2 
 
1.64‰ 1.11‰ 0.51‰ -0.05‰ 
10.9 1.15‰ 2.04‰ 1.28‰ 0.44‰ 0.18‰ 
18.3 1.29‰ 3.00‰ 1.81‰ 0.60‰ 0.47‰ 
22.2 1.52‰ 3.54‰ 2.07‰ 0.63‰ 0.52‰ 
29.0 1.54‰ 4.55‰ 2.41‰ 0.85‰ 0.64‰ 
Pyruvate (mM) 
0.0 0.15 0.10 0.14 0.13 0.00 
4.0 0.38 0.38 0.39 0.39 0.51 
7.2 1.17 1.27 1.21 1.26 1.18 
10.9 1.81 2.39 2.37 
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Table 3.3. Isotopic Fractionations for G. sulfurreducens, Shewanella sp. (Neckar River), P. stutzeri DCP-
Ps1, and D. vulgaris. 
 
 
Experiment 1 Experiment 2  
Bacterial strain ε (‰)  
2 s.e. 
(‰) 
Cell 
density 
*107 
(mL-1) 
Cell-
specific 
reduction 
rate *10-18 
mol.cell-
1.d-1) ε (‰)  
2 s.e. 
(‰) 
Cell 
density 
*107 
(mL-1) 
Cell-
specific 
reduction 
rate *10-18 
mol.cell-
1.d-1) 
Combined 
ε (‰)  
G. sulfurreducens  -3.02 0.12 8.42 89 -3.03 0.07 5.37 264 -3.03 ± 0.12 
Shewanella sp. 
(Neckar River) -2.12 0.11 3.19 1065 -2.22 0.27 2.76 898 -2.17 ± 0.22 
P. stutzeri DCP-Ps1 -3.23 0.34 2.03 149 -3.15 0.06 1.65 377 -3.14 ± 0.13 
D. vulgaris -3.08 0.29 0.83 12.3 -3.08 0.13 0.49 65 -3.01 ± 0.11 
D. vulgaris: Exp 3 
(aerated) -2.78 0.27 0.79 25.4   
   
  
 
 
* 3 experiments combined  
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ABSTRACT 	  
We experimentally determined the magnitude of uranium isotopic fractionation induced 
by U(VI) reduction by two strains of Geobacter sulfurreducens (PCA and Criddle), two strains 
of Anaeromyxobacter dehalogenans (FRC-W and FRC-R5), a novel Shewanella isolate 
(Shewanella sp. (Neckar River)) and a Gram-positive bacterium Desulfitobacterium Viet1. Our 
results indicate that microbial U(VI) reduction induces isotopic fractionation for all bacterial 
strains tested in this study. The ε values for the 238U/235U for reduction by Geobacter 
sulfurreducens strains PCA and Criddle were 0.68‰ and 0.99‰, respectively. The ε values for 
A. dehalogenans strain FRC-W, A. dehalogenans strain FRC-R5, Shewanella sp. (Neckar River), 
and Desulfitobacterium Viet1 were 0.72‰, 0.99‰, 0.96‰ and 0.86‰, respectively. The results 
of this study indicate that the ε values vary with the kinetics of individual reduction reactions and 
suggest ε increases with decreasing cell-specific reduction rate. The ε tends to reach maximum 
values (~1‰) under low biomass and electron-donor poor conditions. Our results reveal a 
fundamental relationship between metabolism and isotopic fractionation and should prove useful 
for detection of U(VI) under various geochemical settings involving microbial U(VI) reduction.  
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INTRODUCTION 
The redox transformation of Uranium (U) at low temperature is an important part of U 
cycling in nature. In low-temperature surface and subsurface environments, the oxidation state of 
the U species governs its aqueous geochemistry, which in turn controls the bioavailability. At 
circum-neutral pH, U exists in two major oxidation states; +6 (U(VI)) and +4 (U(IV)). U(VI) 
species are highly soluble and therefore mobile, whereas U(IV) species are sparingly soluble at 
near-neutral pH conditions. Since reduction of U(VI) to U(IV) results in a dramatic decrease in 
the solubility of the U species, reduction of U(VI) is a potential remediation strategy to sequester 
U as U(IV) in U-contaminated aquifers. The reduction of U(VI) is also an integral part of U 
cycling in earth systems throughout geologic history, enabling U to serve as a potential redox 
indicator in rock records for modern and past environments (Brennecka et al. 2011a, Weyer et 
al., 2008). 
Uranium mining and ore processing, primarily associated with decades of nuclear fuel 
production and weapon making, left an environmental trail in the form of U(VI) contamination 
in soils, ground and surface waters. The global inventory of tailings generated by U mining 
operations alone is about 938 x 106 cubic meters (Abdelouas, 2006). Other sources of U 
contamination in the environment include residual U in ash from coal combustion (Ferraiolo et 
al., 1990), manufacture and application of phosphate fertilizers (Markich, 2002) and leaching 
from U deposits under oxidizing environments (Hakonson-Hayes et al., 2002). U contamination 
in the environment, especially in aquatic systems, poses significant ecological risk due to 
chemical toxicity of bioavailable U.  
A diverse group of micro-organisms are capable of reducing U(VI) to U(IV) (see Wall 
and Krumholz, 2006). These micro-organisms can couple the reduction of U(VI) with the 
 81 
oxidation of electron donors (e.g., lactate or acetate) and previous studies demonstrated the 
ability of some Geobacter (Lovley et al., 1991, Sanford et al., 2007), Shewanella (Lovley et al., 
1991) and Anaeromyxobacter (Sanford et al., 2007) species to harness the energy from U(VI) 
reduction for growth. Microbial U(VI) reduction can be induced in the subsurface with relative 
ease and in a cost-effective manner, which makes it a promising strategy for remediation of 
U(VI) contaminated aquifers.  
U isotope ratios may be used as a monitoring tool for tracking U(VI) redox 
transformation. Natural U is mainly composed of two long-lived radioactive isotopes: 99.27% 
238U (half-life ~ 4.47 x 109 yrs) and 0.72% 235U (half-life ~ 0.70 x 109 yrs) (Bourdon et al., 
2003). For the time-scale of remediation processes, 238U and 235U are effectively “stable” with no 
significant decay due to their long half-lives. The results from bioremediation experiments at U.S 
Department of Energy’s Integrated Field Research Challenge (IFRC) site at Rifle, Colorado, 
USA indicate that U(VI) reduction induces isotopic fractionation (Bopp et al., 2010). However, 
the sense of the isotopic fractionation is opposite compared to the kinetic isotopic effect observed 
during reduction of lighter elements (e.g. Fe, Cr). During reduction of U(VI), 238U enrichment 
occurs in the U(IV) product phases. According to theoretical predictions by Schauble (2007), U 
isotope fractionation is dominated by a mass-independent isotopic fractionation known as the 
nuclear volume effect. Nuclear volume effects arise from differences in the nuclear size of 
different isotopes; isotopes with a large nucleus (i.e. 238U) are more stable at sites with lower 
electron density at the nucleus. U(IV) species have lower electron density at the nucleus. As a 
result, 238U preferentially partitions in the U(IV) species and the remaining U(VI) in the solution 
becomes enriched in lighter isotopes 235U at isotopic equilibrium. Isotopic fractionation for 
kinetically controlled reactions is likely to be governed by the same general theory. This 
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enrichment of 235U in the solution phase can be quantified by measuring the 238U/235U ratios of 
remaining reactants. Recent studies show that the shifts in U isotope ratios (238U/235U) are little 
affected by sorption-desorption of U(VI) (Brennecka et al., 2011b; Shiel et al., 2013). Since 
microbial redox transformation alters U isotope ratios significantly, 238U/235U ratios can be used 
as a tool for detection and quantification of U(VI) reduction. 
 The magnitude of the isotopic fractionation is given by the isotopic fractionation factor, 
α, defined as  
α =
Rproduct
Rreactant
                                  (1)    
where Rproduct and Rreactant are 238U/235U in the U(IV) product flux and the U(VI) reactant pool, 
respectively. α is often expressed in terms of ε, a per mil quantity, defined as  
          ε =1000‰*(α −1)                         (2) 
Application of the U stable isotope approach requires a robust understanding of the 
variability of ε and the factors that control the magnitude of isotopic fractionation. For that 
reason, it is essential to experimentally determine of the range of variability of ε values for 
microbial U(VI) reduction. Although previous studies have demonstrated enzymatic reduction of 
U by numerous microbial species, little is known about U isotope fractionation associated with 
microbial U(VI) reduction. The only published study by Rademacher et al. (2006) reported 
isotopic fractionation of U during the enzymatic reduction of U(VI) by Geobacter sulfurreducens 
and Anaeromyxobacter dehalogenans (strain 2CP-C).  These experiments were carried out using 
a U(VI) solution with a synthetic 238U/235U near 1 ( differing greatly from natural U). Notably the 
sense of isotopic fractionation (i.e., 238U enrichment in the U(IV) phases) reported in this study 
was opposite compared to that observed in natural samples such as black shales (Weyer et al., 
2008) or roll front deposits (Bopp et al., 2009; Brennecka et al., 2010) and bioremediation 
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experiments (Bopp et al., 2010). At present, it is not clear why the lighter U isotopes, instead of 
heavier ones, were partitioned in the U(IV) products in the experiments by Rademacher et al. 
(2006). 
Here, we present U isotopic fractionation during U(VI) reduction by two different strains 
of Geobacter sulfurreducens (strain PCA and Strain Criddle), two different strains of 
Anaeromyxobacter dehalogenans (strain FRC-W and strain FRC-R5), a new Shewanella isolate 
(Shewanella sp. (Neckar River), and a Gram-positive bacterium Desulfobacterium Viet1. The 
objectives of this study are to determine: i) the variability in magnitude of ε, for microbial 
isotopic fractionation; ii) the relationship between isotopic fractionation and microbial 
metabolism (i.e. bacterial species); and iii) the parameters controlling the magnitude of the 
isotopic fractionation in nature. 
MATERIALS AND METHODS 
All stock solutions and microbial growth media were prepared with high purity (18 MΩ-
cm) deionized water. During growth of microbial cultures and U(VI) incubation experiments, the 
temperature was maintained at 30°C. All experiments were performed under strict anoxic 
conditions in pre-cleaned glass bottles, autoclaved and sealed with butyl rubber septa. We used 
N2 purged needles and syringes for sample withdrawal and N2 was injected to replace withdrawn 
volumes.  
Medium and Microbial Cultures   
All bacterial cultures were routinely grown (prior to the reduction experiments) in a 
defined mineral-salt medium modified from He and Sanford (2002). For growing microbial 
cultures, we modified the medium (referred to as growth medium in this paper) described by He 
and Sanford (2002) by a 10-fold decrease in phosphate buffer concentrations. We reduced the 
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phosphate concentration in the growth medium from 2 mM to 0.2 mM in order to avoid any 
interference from abiotic U(VI)-phosphate precipitation from the inoculum during the U(VI) 
incubation experiments. The growth medium also contained 10mM HCO3-, 2 mM NH4Cl, and 
was amended with 100 µM Na2S as a source of reduced sulfur needed for growth. The growth 
medium contained (per liter): 0.015 g of CaCl22H2O, 0.02 g of MgCl26H2O, 0.007 g of 
FeSO47H2O, 0.005g of Na2SO4, 1 mL of trace metal solution, and 1 mL of selenium-tungsten 
solution. The trace metal solution contained (per liter): 5 g of MnCl24H2O, 0.5g of H3BO3, 0.5 g 
of ZnCl2, 0.5 g of CoCl26H2O, 0.5 g of NiSO46H2O, 0.3 g of CuCl22H2O and 0.1 g 
NaMoO42H2O. The selenium-tungsten solution contained (per liter): 0.003 g of NaSeO4 and 
0.008 g of Na2WO4. The growth medium did not contain any redox-indicator (e.g. resazurin). 
The pH of the growth medium was 7.2.  
The composition of the medium for U(VI) reduction experiments (referred to as test 
medium in this article) was identical with that of the growth medium described above except for 
the phosphate concentration. The test medium contained only 20 µM phosphate buffer to again 
avoid any abiotic U(VI)-phosphate precipitation during the U(VI) reduction experiments. 
However, the medium used for U(VI) reduction experiments with D. Viet1 contained 0.2 mM 
phosphate buffer. Sulfide or any other reductant, and resazurin were also excluded from the test 
medium to avoid potential interference with enzymatic U(VI) reduction.  
All cultures were grown in 160 mL serum bottles with a working volume 80-100 mL at 
30°C in the dark. For growth, G. sulfurreducens strains (both PCA and Criddle) received 3 mM 
acetate as electron donor and 10 mM fumarate as electron acceptor. A. dehalogenans strains 
(FRC-W and FRC-R5) were grown using 2.5 mM acetate and 1.25 mM NO3-. Shewanella sp. 
(Neckar River) cultures were given 2.5 mM Lactate and 1 mM NO3- for growth. D. Viet1 
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cultures received 10 mM pyruvate as a fermentable substrate. G. sulfurreducens and A. 
dehalogenans and Shewanella sp. cultures were first grown to a higher cell density (~ 108 
cells/mL) and then diluted tenfold for U(VI) incubation experiments. D. Viet1 cultures were 
grown in a medium containing higher phosphate concentration (200 µM) and diluted two-fold in 
the same medium for final U(VI) incubation experiments.   
Batch Incubations with U(VI)  
All anaerobic U(VI) batch incubations were carried out in 160 mL glass serum bottles 
with working volumes ranging from 90-100 mL. In order to make a U(VI) stock solution, we 
used uranium metal CRM 112-A. First, an appropriate amount of CRM 112-A was repeatedly 
dissolved and dried in concentrated HNO3.  The resultant uranyl nitrate solution was dried down 
completely, re-dissolved and dried down in concentrated HCl two times to remove the nitrate. 
Finally, the uranyl chloride stock solution was completely dried down and re-dissolved in a 
degassed 100 mM NaHCO3 solution to prepare ~4000 mg/L uranyl carbonate stock solution. 
This U(VI) stock solution was then sterilized using 0.2 µm filters and was used in all 
experiments after appropriate dilution to desired initial U(VI) concentration. 
For U(VI) batch incubations, a 10% (v/v) inoculum of Gram-negative cultures were 
transferred to serum bottles containing sterile test medium. Prior to any U(VI) or electron donor 
addition, all bottles were sampled for cell density measurements by flow-cytometry. For cell 
density measurements, 1 mL of sample from each reactor was preserved in 8% formaldehyde 
solution (1 part formaldehyde: 3 parts cells). An aliquot of uranyl carbonate stock solution was 
injected to achieve desired initial U(VI) concentration, which varied from approximately 4 to 30 
µM in our experiments. We added an appropriate electron donor (lactate or acetate) in each 
reactor to make a final concentration of 500 µM. Abiotic control experiments for each 
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experiment set were designed with our test medium, U(VI), lactate or acetate but no microbial 
cells. All reactors were placed on a shaker table at 125 rpm, incubated at 30°C in the dark and 
sampled for U(VI) concentrations and U isotopes at regular intervals. Samples were immediately 
filtered using 0.2 µm syringe filters and stored at 4°C.  
Analytical Methods: Uranium Concentration and Isotope Measurements  
Uranium Concentration. Preliminary U(VI) concentrations were measured using a Nu 
Plasma MC-ICP-MS by comparing voltage for 238U measured on a Faraday collector for a 
sample relative to a CRM 112-A standard of known concentration. This allowed proper spiking 
level for the high precision isotope analysis. Reported U(VI) concentrations result from isotope 
dilution calculations of isotopic measurements.  
Sample Purification and Spiking. For isotopic measurements, we used a double isotope 
spike (236U + 233U) technique to correct for isotopic fractionation during sample purification or 
mass-spectrometry (Rademacher et al., 2006; Weyer et al., 2008; Bopp et al., 2010; Shiel et al., 
2013). Prior to purification, an aliquot of the spike solution with known 233U/236U ratio was 
added to each sample containing approximately 300ng of U to attain a 238U/236U ratio of ~25. 
The spiked samples were then evaporated to complete dryness, re-dissolved in 3N HNO3 and 
purified using the anion-exchange resin UTEVA (Eichrom). U(VI) in the samples was adsorbed 
to the resin and all cations and Th were eluted using a combination of 3N HNO3 and strong HCl. 
Then U was eluted from the resin with a 0.05N HCl solution. The purified samples were dried 
completely and treated with a few drops of concentrated HNO3 to remove organic residues from 
the purification process.  
Mass Spectrometry. U isotope measurements were carried out using a Nu Plasma HR 
MC-ICP-MS operating in low-resolution mode. Purified samples were introduced to the 
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instrument as 2% HNO3 solutions via a DSN-100 desolvating nebulizer. 233U/236U, 234U/236U, 
235U/236U and 238U/236U ratios were measured simultaneously. Precise 238U/235U ratios were 
obtained by correcting for the instrumental mass bias using a double-spike analysis routine 
similar to Bopp et al. (2009). U isotope standard CRM 112-A was analyzed after every 3 
samples. We also analyzed two other isotope standards IRMM REIMP 18-A and CRM 129-A in 
each session. 238U/235U ratios are reported in terms of δ 238U , defined as  
δ 238U= (
238U / 235U)sample
( 238U / 235U)CRM112-A
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'×1000‰                   (3) 
The analytical uncertainty of the isotope measurements, determined as twice root mean 
square difference for 9 pairs of duplicate sample preparations, is 0.07‰. The offsets of CRM 
129-A and REIMP 18-A relative to CRM 112-A were −1.74‰ ± 0.07‰ and 0.12‰ ± 0.07‰, 
respectively.  
Extraction of isotopic fractionation factors from data   
During microbial U(VI) reduction in well-mixed batch reactors, the δ238U value of the 
remaining U(VI) can be modeled using the following Rayleigh distillation equation 
δ(t) = (δ0 +1000‰)
c(t)
c0
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&
α−1
−1000‰                       (4) 
where c0  and δ0  are the initial concentration and isotopic composition of U(VI), c(t)  and δ(t)
are the concentration and isotopic composition at time t, and α is the isotopic fractionation factor. 
The above equation can be rearranged as  
ln(δ 238U+1000‰) = (α −1)ln[c(t)]+[ln(δ0 +1000‰)− (α −1)ln(c0 )]      (5) 
The fractionation factors (α values) were determined by fitting our experimental data in 
linearized plots of ln(δ 238U+1000‰)  vs. ln c(t)[ ] . The best fit α values calculated from the 
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slope of the best fit line via linear regression following the method described by Scott et al. 
(2004). Uncertainties in α were calculated from the uncertainties of the slopes derived from using 
standard linear estimation methods. 
RESULTS  
Microbial U(VI) Reduction: Rates  
For all microbial species tested during this investigation, we observed U(VI) removal 
from the solution as a function of time (Fig. 4.1). The decrease in U(VI) concentration in each 
reactor with time fits first-order kinetics; the half-lives for reaction ranged from about 6 hr to 13d 
(Table 4.1). We observed no significant difference between the reduction rates in duplicate 
reactors in each set of experiments. The reduction rates varied significantly between different 
strains of the same bacterium (e.g. G. sulfurreducens, strains Criddle and PCA) and also between 
different bacteria (e.g., A. dehalogenans and Shewanella sp. (Neckar River)). We observed no 
significant decrease in U(VI) concentrations with time in no-cell controls amended with the same 
amount of electron-donor and U(VI) in each set of experiments. 
We divided the reduction rate from each reactor by the cell density in the reactor in order 
to obtain cell-specific reduction rates. The cell-specific reduction rate is defined by the following 
expression  
Cell-specific Reduction Rate = Δct1/2 *d
                    (6) 
where Δc  is the concentration decrease in each reactor over the time interval of the first half-
life( t1/2 ), and d  is the cell density. Cell-specific reduction rates for each reactor in our study are 
given in Table 4.2. The observed cell density in each reactor was low (~107 cells/mL or less). 
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The cell-specific reduction rates varied between different bacteria but also varied greatly 
between the two different strains of G. sulfurreducens.  
Isotopic changes during Microbial U(VI) Reduction  
U isotopic fractionation occurred in every U(VI) reduction experiment (Fig. 4.2). As the 
microbial U(VI) reduction advanced, δ238U values in the remaining unreacted U(VI) solution 
decreased smoothly relative to the δ238U value of the starting material. The magnitude of isotopic 
fractionation, given in Table 4.1, was obtained for each reactor separately by fitting the δ238U 
values from the experiment to a Rayleigh distillation model (eqn 5). However, in most of our 
regressions, we excluded isotope data from the later part of the experiments, when the extent of 
U(VI) reduction reached about 90% or higher.. When the U(VI) reduction approaches near 
completion (≥ 90% reduction), accumulation of very fine particulate U(IV) occurs in the 
reactors. This very fine grained U(IV) precipitates are a matter of concern since a small amount 
of extremely fine U(IV) particles may pass through the filter and potentially contaminate the 
small amount of remaining U(VI).  The U(IV) to U(VI) ratio becomes very high toward the end 
of the experiment and thus measured solutions become highly sensitive to small amounts of 
contamination. Some late data points fell significantly below the trend set by the earlier samples 
and these were excluded in order to ensure this filtration problem did not affect results. 
The ε values for microbial U(VI) reduction in this study ranged from 0.68‰ to 1.02‰ 
(Fig. 4.2). A single value of ε fit the data from each reactor. In all cases, data from the pairs of 
duplicate experiments could be modeled using a single ε. We observed significant variation in ε 
values between experiments with different strains. However, in each individual experiment, the ε 
values remained constant throughout the experiment. The analytical uncertainties (2*standard 
error) of ε values ranged from 0.05‰ to 0.16‰ (with data from duplicate experiments 
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combined). An apparent rate dependence of the magnitude of isotopic fractionation was observed 
in our data. The ε values tend to increase with a decreasing cell-specific reduction rate (Fig. 4.3). 
DISCUSSION  
Microbial U(VI) Reduction Rate, Incubation Times and Products 
In all our experiments, U(VI) reduction rates were slow; for rapidly reducing G. 
sulfurreducens strain PCA and D. Viet1 the reactions required approximately 24 hours to reach 
near completion. For slowly reducing G. sulfurreducens strain Criddle, ~75% of the initial 9.3 
µM U(VI) was reduced in 24 days. We found no evidence suggesting any change in first-order 
reduction rate constants during the course of the experiments. This implies that no significant 
cell growth or cell death occurred in the reactors at the timescale of the experiments. The 
reduction rates and incubation times for all bacterial species in this study were similar to 
previously reported results (e.g. Boyanov et al., 2011).  
   The long incubation time for G. sulfurreducens strain Criddle may lead to significant 
cell death; this is particularly a matter of concern because of the potential for U(VI) reduction by 
reductants released by the dead cells. However, we expect the low cell density in our 
experiments to inhibit any significant rapid cell-decay and prolong the viability of the cells. 
Furthermore, Sanford et al. (2007) demonstrated growth of G. sulfurreducens on U(VI) as the 
sole terminal electron acceptor, though the observed biomass yield was significantly less than 
predicted from theoretical free energy changes for U(VI) reduction. We expected sluggish 
growth of the strain Criddle during the course of our experiments. Fletcher et al. (2010) reported 
a 20 day incubation with D. Viet1 to reduce 22% of the initial U(VI) in a phosphate-amended 
mineral salt medium. These authors found no sudden change in reduction rate during the 20-day 
incubation time.  In any case, all our observations are consistent with insignificant cell decay or 
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growth during our U(VI) incubations. Very slow growth during the course of experiment should 
not impact our results.  
Previous studies (Fletcher et al., 2010; Boyanov et al., 2011) demonstrated that U(IV) 
accounted for greater than 95% of the U in the solid products formed during U(VI) removal by 
Gram-positive Desulfitobacterium Viet1 and A. dehalogenans strain 2CP-C, a strain very closely 
related to A. dehalogenans strains tested in this study. Boyanov et al. (2011) demonstrated that 
the dominant product of U(VI) reduction in presence of phosphate is U(IV)-phosphate regardless 
of the microbial species. At low phosphate concentrations, we expect the U(IV) in our 
experiments products were mostly U(IV)-phosphate, probably with a small amount of uraninite. 
Effect of U(VI) sorption  
Any U(VI) removal by adsorption of U(VI) on to microbial cells would lead to an 
inaccurate estimation of the fraction of reduction leading to errors in the determined ε, since 
Rayleigh distillation models essentially assume that all U(VI) removal in our reactors was due to 
U(VI) reduction only. Although bacterial surfaces are mostly negatively charged, previous 
studies (Gorman-Lewis et al., 2005; Sheng et al., 2011) observed significant sorption of U(VI) 
on to both Gram-positive and Gram-negative cells. Rademacher et al. (2006) reported strong 
adsorption of U(VI) (as UO2Cl2) on the microbial cells in the beginning of their microbial U(VI) 
incubation experiments. However, reversible adsorption of U(VI) onto the microbial cells during 
our experiments does not affect the determination of ε using Rayleigh distillation models (see the 
discussion below).  
The amount of sorption is a function of both the availability of the sorption sites (cell 
density) and the presence of other anions (e.g. HCO3-) competing for the free sorption sites.  All 
experiments in this study differed from previous studies in that our experiments had lower 
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biomass (~107 cells/mL) and a 10 mM bicarbonate buffer in the medium. The biomass 
concentrations in the adsorption experiments by Gorman-Lewis et al. (2005) and Sheng et al. 
(2011) was 0.125 g/L or higher; at least two orders of magnitude higher cell density than in our 
experiments. Also, the test medium used in our experiments had approximately one order of 
magnitude higher bicarbonate concentration compared to the open-system experiments of 
Gorman-Lewis et al. (2005).  
The minimal amount of biomass along with high bicarbonate concentration should render 
any biosorption of U(VI) negligible in our experiments. The U(VI) removal rate during the first 
few hours follows the first order kinetics of later time points, and thus significant adsorption, 
which is expected to be much more rapid, is not indicated. Furthermore, under similar 
conditions, we observed no U(VI) loss within 150 hours in experiments with non-uranium 
reducing strain Pseudomonas stutzeri DCP Ps1 suggesting insignificant sorption on the biomass 
(data not shown). Furthermore, previous U(VI) reduction studies with similar strains under 
similar chemical conditions (e.g., Boyanov et al., 2011) did not report any significant U(VI) 
adsorption on to the bacterial cells.  
Nevertheless, a small amount of adsorption of U(VI) onto microbial cells may still occur 
in our experiments. This does not affect our determination of magnitude of isotopic fractionation 
if we treat the adsorbed and dissolved U(VI) as a single reactant pool. Studies (Ellis et al., 2004, 
Basu and Johnson, 2012) on other isotope systems addressed this issue by making the following 
assumptions. First, the adsorbed U(VI) and dissolved U(VI) achieve and remain in isotopic 
equilibrium throughout the course of the experiment. Second, the relative proportions of 
adsorbed and dissolved U(VI) remain constant as the reaction progresses through time. With 
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these two assumptions we can infer that measured decreases in U(VI) concentrations will 
accurately indicate the extent of U(VI) reduction.  
Furthermore, Brennecka et al. (2011b) reported a small isotopic fractionation (ε ≈ 
−0.2‰) during adsorption of U(VI) on to MnO2 mineral surfaces where adsorbed U(VI) was 
isotopically lighter than the dissolved U(VI). Interestingly, this sense of fractionation (i.e., 238U 
enrichment in the remaining U(VI)) is consistent with the sense of fractionation reported by 
Rademacher et al. (2006) during U(VI) incubations with bacteria. In their experiments, strong 
adsorption of the U(VI) solution species UO2Cl2 onto microbial cells may have resulted in 
partitioning of lighter isotopes onto the adsorbed product phase rendering the remaining U(VI) 
solution enriched in 238U. Note that the sense of isotopic fractionation (i.e., partitioning of lighter 
isotopes onto the adsorbed product phase) is opposite to that observed during our U(VI) 
reduction experiments. A recent field scale investigation at the Rifle, Colorado bioremediation 
IFRC site by Shiel et al. (2013) confirms that adsorption-desorption of U(VI) did not cause 
significant isotopic fractionation. Therefore, the ε values observed in our experiments were 
representative of U(VI) reduction only and not affected by adsorption of U(VI).    
Variations in Microbial U(VI) reduction mechanisms 
The microbes studied here were chosen specifically to explore wide variations in the 
pathways and locations of U(VI) reduction. For Gram-negative bacteria, enzymatic U(VI) 
reduction occurs outside the cell (Gorby and Lovley 1992; Lovley and Phillips 1992,  Liu et al., 
2002a,b; Marshall et al., 2006) and/or inside the periplasmic space (Shelobolina et al., 2007, 
Lloyd 2003). U(VI) reduction pathways in G. sulfurreducens may involve several outer 
membrane and periplasmic enzymes. Shelobolina et al. (2007) demonstrated the involvement of 
both periplasmic and outer membrane c-type cytochromes in U(VI) reduction by G. 
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sulfurreducens, although specific outer membrane cytochromes might play a greater role in 
mediating U(VI) reduction at the cell-surface. The results of this study also revealed a difference 
in routes of electron transfer between U(VI) and Fe(II). Raguera et al. (2005) and Cologgi et al. 
(2011) reported an extracellular mechanism of U(VI) reduction that required the pili structure of 
G. sulfurreducens. However, this mechanism is not relevant to our experiments since pili 
assembly is not expressed if cultures are grown at 30°C using fumarate as an electron acceptor. 
The reduction of U(VI) to U(IV) might proceed through one electron transfer forming an 
intermediate U(V) species followed by the dismutation of U(V). Renshaw et al. (2005) reported 
occurrence of U(V), which was postulated to produce final U(IV) products via 
disproportionation, during U(VI) reduction by G. sulfurreducens. The exact nature of electron 
transfer and the role intermediate U species during U(VI) reduction by G. sulfurreducens still 
remains unclear, but multiple electron transfer pathways appear to co-exist and remain active 
during the reduction.   
The U(VI) reduction by A. dehalogenans may involve multiple extracellular mechanisms. 
Two strains of A. dehalogenans (FRC-W and FRC-R5) tested in this study are closely related to 
A. dehalogenans strain 2CP-C (Thomas et al., 2009; Thomas, 2006). Sanford et al. (2007) 
demonstrated slow growth of A. dehalogenans strain 2CP-C utilizing U(VI) as the sole electron 
acceptor with a lower biomass yield than that from other electron acceptors (e.g. fumarate or 
ferric citrate). These authors proposed two alternative reduction mechanisms to explain the lower 
cell yield; reduction by extracellular polymeric substances (EPS) or by a lower energy-yielding 
one-electron transfer process leading to formation of U(V) followed by dismutation of U(V) to 
produce the final U(IV) products. Genomic analysis (Thomas et al., 2008) of the strain 2CP-C 
suggests its potential for utilizing variable redox conditions; this is evident from the great 
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abundance of putative c-type cytochromes, Ni-Fe type hydrogenases, and proteins with Fe-S 
domains. Although no direct evidence points toward a particular U(VI) reduction pathway, 
localization of U(IV) products may provide some insights about the mechanism. Marshall et al. 
(2008) observed that aggregates of UO2(s) nanoparticles were always exclusively associated with 
outer membranes and EPS. The absence of periplasmic UO2(s) suggests that U(VI) reduction 
occurs exclusively outside the cell. The terminal reductases for U(VI) reduction are yet to be 
identified and the nature of the association of U(IV) solids with EPS still remains unclear.  
Several authors documented extensive respiratory versatility, along with the ability to 
reduce U(VI), in the genera Shewanella (DiChristina et al., 2006; DiChristina et al., 2005). S. 
oneidensis MR-1 is one of the most well studied organisms.  It can use U(VI) as a sole terminal 
electron acceptor, although a specific U(VI) reductase is yet to be identified. The respiratory 
versatility of S. oneidensis MR-1 is generally attributed to abundant membrane-bound c-type 
cytochromes. Meyer et al. (2004) identified 42 putative c-type cytochrome genes from the 
genome sequence of Shewanella oneidensis MR-1. Marshall et al. (2006) demonstrated an active 
role for membrane-associated c-type cytochromes in U(VI) reduction by the strain MR-1. U(VI) 
reduction in MR-1 does not appear to be associated with a specific outer-membrane cytochrome, 
rather both outer membrane and periplasmic cytochromes likely participate in U(VI) reduction. 
The localization of the U(IV) products was predominantly extracellular and in some cases 
associated with EPS. However, the mutants deficient in outer membrane cytochromes MtrC and 
OmcA reduced U(VI) at a slower rate with U(IV) products predominantly localized in the 
periplasm (Marshall et al., 2006).  With our current limited knowledge about the enzymatic 
pathways of U(VI) reduction by our new Shewanella isolate, we can not directly compare it with 
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the strain MR-1. For Shewanella sp. (Neckar River), we surmise an active electron transfer 
pathway for U(VI) reduction involving one or more membrane-associated cytochromes.  
D. Viet1, a non spore-forming gram-positive bacterium, is reported to reduce U(VI) to a 
mono-nuclear U(IV) product instead of UO2 (Fletcher et al. 2010). The gram-positive envelope 
of D. Viet1 lacks the membrane-bound enzymes as terminal reductases. Few studies addressed 
the mechanism of electron transfer by Gram-positive cells. In absence of a membrane-associated 
electron transport chain composed of redox-active enzymes, part of the cell wall envelope is 
postulated to act as an electron conductor in Gram-positive bacteria (Erlich 2008). Millinken and 
May (2007) demonstrated that an exogenus electron carrier was required for successful current 
generation by biofilm of Desulfitobacterium hafniense strain DCB-2 on a graphite anode. A 
recent analysis of the genome sequence of D. hafniense strain DCB-2 reveals induction of a 
tricistronic operon, Dhaf_0248-0250, encoding a putative cytochrome b - containing nitrate 
reductase gamma subunit, a cysteine-rich ferredoxin protein, and a NADH oxydase-like protein 
under U(VI) reducing conditions (Kim et al., 2012). Kim et al. (2012) also observed induction of 
another operon that encodes a type IV pilus biosynthesis gene and postulated that these two 
operons may be responsible for synthesizing the electron transport chain in this bacterium. Based 
on the spectroscopic analysis of the U(IV) products, Boyanov et al. (2011) proposed a mediator-
dependent U(VI) reduction mechanism for D. Viet1. In any case, the fashion of electron transfer 
to U(VI) by D. Viet1 is fundamentally different compared to the Gram-negative bacteria 
investigated in this study.  
In addition to differences in types of enzymes, location of enzymes and the structure of 
cell wall, metabolic pathways during growth of the cultures varied significantly in terms of 
numbers of electrons transferred from the electron donor to acceptor during growth. This 
 97 
originates from the differences in electron donor-acceptor couple used for growth. G. 
sulfurreducens strains PCA and Criddles were grown on acetate and fumarate where it requires 
only 2 moles of electrons to reduce each mole of fumarate. Both Shewanella sp. (Neckar River) 
and A. dehalogenans strains FRC-W and FRC-R5 were grown using nitrate as an electron 
acceptor and in both cases nitrate was reduced to ammonium which requires transfer of 8 moles 
of electrons for each mole of nitrate. D. Viet1 was, however, grown differently on a fermentable 
substrate pyruvate. These differences in the growth conditions may affect the gene expression 
and enzyme synthesis, which, in turn, may affect the reduction mechanism and isotopic 
fractionation.  
Variability in ε with reduction rate  
Generally, isotopic fractionation is induced during microbial reduction of sulfate, nitrate, 
selenate, selenite, and chromate. These reduction reactions involve multiple electron transfers via 
chains of reaction steps and intermediate products. The size of the isotopic shift is determined by 
the reaction mechanisms and kinetics of intermediate steps in the reaction network. A conceptual 
model explaining isotope fractionation during a multistep chemical reaction was developed by 
the studies of C isotope fractionation during photosynthesis (e.g. Hayes 2001) and sulfur isotope 
fractionation (e.g. Rees, 1973; Canfield, 2001; Brunner and Bernasconi, 2005). According to this 
model, the rate-limiting step in the reaction network controls the magnitude of isotopic fraction. 
The net isotopic fractionation (ε) resulting from the overall reaction pathway is the sum of the 
fractionations arising from all intermediate steps up to and including the rate-limiting step. The 
fractionation that occurs in steps after the rate-limiting step does not alter the overall ε. This 
approach was extended to explain Cr and Se isotopic fractionation during microbial chromate 
and Se-oxyanion reduction (Sikora et al., 2008; Johnson and Bullen, 2004; Johnson, 2011).   
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This model of variability in isotopic fractionation is fairly general and should also apply 
to U isotopic fractionation. Microbial U(VI) reduction is a multistep process that either occurs as 
a direct reduction of U(VI) to U(IV) through transfer of two electrons or via production of U(V) 
after one electron transfer followed by dismutation of the intermediate product U(V). The steps 
involve transport of dissolved U(VI) to the proximity of membrane-bound enzymes typically 
located either in the outer membrane of the cell wall or in the periplasmic space, followed by 
enzymatic reduction of U(VI). These two mechanisms should have different effects on isotopic 
fractionation. 
If the enzymatic U(VI) reduction takes place on the outer membrane extracellularly (Fig. 
4.4), the bulk U(VI) pool outside the cell is directly affected by the preferential reduction of 238U 
relative to 235U and we expect the kinetic isotope effects associated with the redox shift and 
concomitant coordination change to be fully expressed in the measured U(VI) pool. 
Alternatively, if reduction occurs in the periplasmic space, the kinetic fractionation should be 
muted if that space is not fully communicating with the outside bulk solution. For instance, as 
reduction proceeds, the U(VI) in the periplasmic space should become isotopically fractionated 
(Fig. 4.4).  Only if reduction is slow can this U(VI) leak out from the periplasmic space through 
the cell membrane and cause a 238U/235U shift in the outside bulk reactant pool.  If reduction is 
rapid, less leakage occurs.  Thus, the general rule of isotopic fractionation during multistep 
chemical reactions described above applies in this case, as is illustrated in two extreme cases: If 
diffusion/transport of U(VI) to the enzymes is the rate-limiting step in the entire reaction 
network, weaker isotopic fractionation results as this step does not involve any redox change. 
When enzymatic U(VI) reduction becomes rate-limiting, it induces strong isotopic fractionation 
due to rearrangement of the bonding environment during redox change (see Johnson and Bullen, 
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2004; Johnson, 2011). In the following paragraph, we discuss the results from this study in order 
to develop a systematic understanding of how the magnitudes of isotopic fractionation vary 
during bioreduction of U(VI). 
When the data from all the bacterial strains in this study are pooled, we observed an 
apparent trend of increasing fractionation with decreasing cell specific reduction rate (Fig. 4.3). 
When cell-specific reduction rates are high, it is much more likely that the diffusion or transport 
of U(VI) into the cells is partially rate limiting since the activated enzymes consume U(VI) very 
rapidly. For this reason, the experiments with high cell specific reduction rate are expected to 
have weaker fractionation. On the other hand, when the cell-specific reduction rates are low, 
diffusive or active transport has less of a tendency to limit the overall rate and thus the isotopic 
fractionation that occurs at the rate-limiting enzymatic U(VI) reduction is fully expressed. Thus, 
experiments with slow cell-specific reduction rates are expected to yield greater fractionation. 
Several researchers reported a similar trend during microbial sulfate reduction (e.g. Kaplan and 
Rittenberg, 1964; Habicht and Canfield, 1997), although later studies suggest that the magnitude 
of isotopic fractionation may be contingent on other factors (e.g., temperature or nutrient 
concentration) (Johnston et al., 2007). Sikora et al. (2008) reported a similar relationship 
between the cell-specific reduction rate and ε during reduction of Cr(VI) by Shewanella 
oneidensis MR-1. Since the cell-specific reduction rates were very low (~10-17 mol.cell-1.d-1) for 
most of our experiments, we surmise that the largest isotopic fractionations observed (~1‰) 
were close to the maximum possible.  If this is correct, then these results should apply to a range 
of “lean” conditions with low electron donor and/or other limitations to microbial metabolisms. 
However, additional work is needed to truly define the maximum possible fractionation. 
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Variability in ε between microbial strains  
We did not observe any significant variation in ε between the bacteria studied here. 
Among the Gram-negative strains, G. sulfurreducens strain Criddle, A. dehalogenans (FRC-W 
and FRC-R5), and Shewanella sp. (Neckar River) induced an isotopic fractionation of ~1‰ 
(with the exception of one experiment with strain FRC-W (ε = 0.64‰ ± 0.15‰)) at low cell-
specific reduction rates. In comparison, G. sulfurreducens strain PCA in duplicate experiments 
yielded a slightly lower ε (0.68‰ ± 0.05‰). However, the reaction conditions varied 
significantly between experiments with G. sulfurreducens strain Criddle and those with G. 
sulfurreducens strain PCA due to large differences in the reaction rate clearly arising from the 
differences in cell density. We attribute the variation in ε between these two strains of G. 
sulfurreducens to large differences in cell specific reduction rate. Despite fundamental 
differences in reduction mechanism, the ε for D. Viet1 (0.84‰ ± 0.10‰) is statistically 
indistinguishable from the values produced by the Gram-negative bacteria tested in this study. 
Further studies are needed to determine whether species-specific physiology has an effect 
on the isotopic fractionation for other species. S isotope fractionation during microbial sulfate 
reduction is known to vary with metabolic pathways of microorganisms (Detmers et al., 2001). 
Future experiments to determine the species-effect during U isotope fractionation should be 
carried out using microorganisms with much wider variations in metabolic pathways. Other 
variables (e.g. temperature, electron donor concentrations) may affect the magnitude of isotopic 
fractionation during microbial U(VI) reduction. Our findings cannot be fully extrapolated to the 
field conditions without assessing the effects of other variables on the magnitude of isotopic 
fractionation.  
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Our experiments were designed to mimic the low nutrient and low biomass conditions of 
U-contaminated aquifers. Under nutrient-limited conditions, strong isotopic fractionation 
occurred in all experiments. Based on our observations, we expect the magnitude of isotopic 
fractionation to approach 1.0‰ under the “lean” conditions in most groundwater settings. 
However, this “maximum” fractionation may be somewhat less for some bacteria due to physical 
and/or biochemical differences. The results of this study strongly suggest that under electron 
donor-rich conditions, lesser fractionation should result, as has been observed during microbial 
sulfate or nitrate reduction.  
Comparison to ε from a biostimulation site and Effects of chemical heterogeneity on ε  
The experimental results here are applicable to field biostimulation studies. For instance, 
the initial low U(VI) concentrations used in this study are comparable to the dissolved U(VI) in 
groundwater from some contaminated sites (e.g., Hakonson-Hayes et al., 2002; Anderson et al., 
2003). Also, all microbial species used here represent isolates from contaminated soils or 
sediments; three of the Gram-negative bacteria were isolated from U-contaminated sites. Based 
on our results from microbial U(VI) reduction experiments, we expect an isotopic fractionation 
approaching ~1‰ at the contaminated sites undergoing active bioremediation. 
The relationship between U(VI) reduction in groundwater and 238U/235U was first 
established Bopp et al. (2010) at the Rifle, Colorado bioremediation IFRC site. U contamination, 
arising from U milling operations, elevated the U(VI) concentration in groundwater to 0.42 -0.95 
µM at this site. Successful biostimulation was achieved by injecting acetate-amended 
groundwater into the subsurface, with a decrease in 238U/235U observed with a corresponding 
decrease in U(VI) concentration. The shift in 238U/235U in the pore water clearly indicated U(VI) 
reduction, which was attributed to enhanced microbial activity resulting from the acetate-
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amendment.  An isotopic fractionation (ε) of 0.46‰ was extracted from the U(VI) concentration 
and 238U/235U data by fitting to a Rayleigh distillation model (Bopp et al. 2010). The magnitude 
of the isotopic fractionation inferred for this field site is a factor of 2 less than the maximum ε 
obtained from our microbial experiments.  
Such a relationship between apparent fractionation in field settings and laboratory 
determinations of fractionation has been observed before and has been attributed to the inability 
of Rayleigh distillation equations to adequately model complex reactive transport processes in 
aquifers (Abe and Hunkeler, 2006; Green et al, 2010; Berna et al, 2010).  Previous studies have 
demonstrated (both experimentally and mathematically) that the apparent isotopic fractionation 
determined from various reactants (i.e. dissolved O2, NO3-, or SeO42-) collected from 
heterogeneous systems is usually less than the ε determined for homogeneous, well-mixed 
systems (e.g. batch reactors in the laboratory).  This discrepancy arises from simple dispersive 
transport (Abe and Hunkeler, 2006), heterogeneity in flow velocity (Green et al, 2010), or 
diffusive limitations within isolated reaction zones (Bender, 1990, Brandes and Devol, 1997; 
Clark and Johnson, 2008; Berna et al., 2010).  
The ε observed by Bopp et al. (2010) was probably greatly impacted by the heterogeneity 
effect described above. At the Rifle biostimulation site, enhanced microbial activity is expected 
after acetate amendment through the injection wells. Since growth of bacteria is a function of 
electron-donor, microbial growth and subsequent U(VI) reduction was likely confined to a small 
zone of high donor availability around the injection well instead of being distributed evenly 
throughout the aquifer. This confinement of reduction sites likely results in a diffusive limitation 
of U(VI) reduction leading to a suppression of the magnitude of fractionation.  
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CONCLUSIONS 
Here, we present the first comprehensive experimental study of U isotopic fractionation 
during U(VI) reduction by a diverse group of microorganisms. Our results indicate that microbial 
U(VI) reduction generally induces U isotopic fractionation; 238U is enriched, relative to 235U, in 
the reaction products, rendering the residual dissolved U(VI) enriched in 235U. All microbial 
species (total 5 Gram-negative and one Gram-positive strains) produced significant isotopic 
fractionation during U(VI) reduction.  Our findings are consistent with the results of Bopp et al. 
(2010) from a groundwater system in which U(VI) reduction was induced via biostimulation, and 
U isotope data from other environmental samples such as 238U enrichment in the roll front 
deposits. (Stirling et al., 2007; Weyer et al., 2008; Bopp et al., 2009; Brennecka et al., 2010). The 
unusual sense of fractionation, with a heavier isotope reacting faster, can be rationalized by 
invoking a nuclear field shift effect (Schauble, 2007). Our results contradict those of one 
previously published experiment with microbial U isotope fractionation; Rademacher et al. 
(2006) reported 235U is reduced at a greater rate than 238U.  
Our observations clearly suggest that the magnitude of isotopic fractionation during 
microbial U(VI) reduction depends on the reaction kinetics. We observed a positive correlation 
between the reduction rate normalized by the size of the bacterial population and the magnitude 
of isotopic fractionation. We demonstrate that the size of the isotopic shift increases with 
decreasing cell-specific reduction rate. Our observations are in agreement with the general theory 
developed previously for isotopic fractionation during microbial reduction involving S, N, Se 
and Cr.  
No significant variation was observed in ε between different strains studied here. G. 
sulfurreducens strain Criddle, A dehalogenans (FRC-W and FRC-R5) and Shewanella sp. 
 104 
(Neckar River) produced an ε of ~1‰ under electron donor-poor conditions. Slightly lower ε  
(0.68‰ ± 0.05‰) yielded by G sulfurreducens strain PCA likely resulted from a higher cell-
specific reduction rate. Despite radical differences in the reaction mechanisms, the obtained ε 
(0.86‰ ± 0.06‰) for D. Viet1 is similar to those obtained for other Gram-negative bacteria in 
this study. Further exploration is necessary to establish a systematic and more rigorous 
relationship between the reaction mechanism and the isotopic fractionation.  
The isotopic fractionation, expressed as ε, ranged from 0.68‰ to 1.02‰ for the bacteria 
tested in this investigation. For most of the strains, under low biomass and low nutrient 
conditions, the magnitude of the isotopic fractionation tends to approach 1.0‰. We suggest that 
this value is probably close to the maximum possible ε value for microbial U(VI) reduction. This 
is particularly important for future use of the 238U/235U approach to detect and quantify the extent 
of bioremediation at the field sites. In general, natural settings in the aquifers are limited by the 
nutrient supply and low density of the bacterial populations, and the prevailing conditions in the 
aquifers are rarely conducive to high cell-specific reduction rate.  For this reason, in aquifers 
undergoing microbial U(VI) reduction, we expect significant isotopic fractionation with a 
resulting ε value of about 1.0‰, which may be muted by heterogeneity effects depending on the 
actual site conditions.  
In order to achieve a more complete understanding of microbial U isotope fractionation, 
several factors that may control the size of isotopic shift during reduction must be explored. 
Some of these factors include i) the effect of electron-donor concentration ii) effect of different 
electron transfer pathways and iii) temperature. Overall, our study reveals the nature of microbial 
U isotopic fractionations and augments the use of U isotope approach to detect and perhaps 
quantify U(VI) reduction during bioremediation of the U contaminated sites. Furthermore, the 
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scope of this study extends to address broader questions in geochemistry related to redox state of 
U. The ε values for microbial U(VI) reduction will also be useful in any study involving U redox 
reactions, ranging from rise of oxygen in earth’s atmosphere during the early periods of earth’s 
history to dynamics of U-cycling in modern oceans.  
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FIGURES AND TABLES 
 
Fig. 4.1. Decreases in concentration during microbial U(VI) reduction experiments. Plots show the progress of 
U(VI) reduction with time for (a) G. sulfurreducens strain PCA (b) G. sulfurreducens strain Criddle (c) A. 
dehalogenans strain FRC-W (d) A. dehalogenans strain FRC-R5 (e) Shewanella sp. (Neckar River) (f) D. Viet1. The 
crosses show the data from the control experiments with no microbial cells. 
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Fig. 4.2. δ238U values plotted against the fraction of U(VI) reduced in experiments with (a) G. sulfurreducens strain 
PCA (b) G. sulfurreducens strain Criddle (c) A. dehalogenans strain FRC-W (d) A. dehalogenans strain FRC-R5 (e) 
Shewanella sp. (Neckar River) (f) D. Viet1. 
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Fig. 4.3. ε values from all experiments plotted against the cell-specific reduction rate. 
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Fig. 4.4. Schematic diagram showing isotopic fractionation during U(VI) reduction by a Gram-negative bacterium. 
According to this model, U(VI) reduction can be extracellular, periplasmic or a combination of both. In case of 
periplasmic U(VI) reduction, U(VI) enters the periplasmic space, where it interacts with the enzymes and is reduced 
to U(IV). As the reaction proceeds, the remaining U(VI) becomes isotopically fractionated. The isotopic 
fractionation in the bulk U(VI) pool outside the bacterium is observed when fractionated U(VI) from the periplasmic 
space diffuses out and interacts with the bulk U(VI) pool. 
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Table 4.1. Results from microbial U(VI) reduction experiments.  
G. sulfurreducens PCA  1 
Time (hr) U(VI) (µM)  % Reduced  δ238U(‰) Half life of U(VI) 
0	   7.04	   0%	   -­‐0.15‰	  
10.34	  hr	  
1	   6.54	   7%	   -­‐0.14‰	  
6.2	   3.52	   50%	   -­‐0.65‰	  
23.1	   1.27	   82%	   -­‐1.28‰	  
28.5	   1.05	   85%	   -­‐1.36‰	  
	   	   	   	   	  
G. sulfurreducens PCA  2 
0	   6.54	   0%	   -­‐0.06‰	  
11.97	  hr	  
1	   6.24	   5%	   -­‐0.11‰	  
6.2	   3.82	   42%	   -­‐0.51‰	  
23.1	   1.51	   77%	   -­‐1.11‰	  
28.5	   1.31	   80%	   -­‐1.21‰	  
	   	   	   	  
	  
G. sulfurreducens Criddle  1 
Time (d) U(VI) (µM)  % Reduced  δ238U(‰) Half life of U(VI) 
0.0	   8.85	   0%	   0.04‰	  
12.83	  d	  
3.0	   7.44	   16%	   -­‐0.03‰	  
13.1	   3.56	   60%	   -­‐0.87‰	  
20.1	   2.85	   68%	   -­‐1.01‰	  
24.0	   2.50	   72%	   -­‐1.11‰	  
	   	   	   	   	  
G. sulfurreducens Criddle  2 
0.0	   9.30	   0%	   0.01‰	  
12.38	  d	  
3.0	   7.72	   17%	   0.01‰	  
13.1	   3.82	   59%	   -­‐0.88‰	  
20.1	   3.04	   67%	   -­‐1.18‰	  
24.0	   2.40	   74%	   -­‐1.18‰	  
	   	   	   	  
	  
A. dehalogenans FRC-W  1 
Time (hr) U(VI) (µM)  % Reduced  δ238U(‰) Half life of U(VI) 
0	   5.38	   0%	   0.03‰	  
66.63	  hr	  
19.5	   4.89	   9%	   0.02‰	  
48.9	   3.31	   38%	   -­‐0.25‰	  
72.0	   2.43	   55%	   -­‐0.52‰	  
124.6	   1.69	   69%	   -­‐0.90‰	  
	   	   	   	   	  
A. dehalogenans FRC-W  2 
0	   6.76	   0%	   -­‐0.03‰	  
75.33	  hr	  48.9	   3.85	   43%	   -­‐0.27‰	  
72.0	   3.04	   55%	   -­‐0.43‰	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95.7	   2.45	   64%	   -­‐0.65‰	  
124.6	   2.18	   68%	   -­‐0.74‰	  
	   	   	   	   	  
A. dehalogenans FRC-R5 1 
0.0	   8.35	   0%	   0.05‰	  
88.85	  hr	  
22.3	   6.40	   23%	   0.03‰	  
100.8	   5.03	   40%	   -­‐0.49‰	  
167.8	   2.62	   69%	   -­‐1.15‰	  
216.6	   1.28	   85%	   -­‐1.74‰	  
	   	   	   	   	  
A. dehalogenans FRC-R5 2 
0.0	   6.76	   0%	   0.02‰	  
66.63	  hr	  
22.3	   5.52	   18%	   0.06‰	  
100.8	   4.39	   35%	   -­‐0.51‰	  
167.8	   1.30	   81%	   -­‐1.69‰	  
216.6	   0.68	   90%	   -­‐2.18‰	  
	   	   	   	   	  
Shewanella sp. (Neckar River) 1 
0	   19.50	   0%	   -­‐0.50‰	  
19.63	  hr	  
18	   9.03	   54%	   -­‐1.19‰	  
25	   6.39	   67%	   -­‐1.52‰	  
50	   2.09	   89%	   Not	  used	  	  
96	   0.66	   97%	   Not	  used	  	  
	   	   	   	   	  
Shewanella sp. (Neckar River) 2 
0	   17.35	   0%	   -­‐0.29‰	  
44.71	  hr	  
25	   14.25	   18%	   -­‐0.70‰	  
50	   8.53	   51%	   -­‐1.26‰	  
73	   5.74	   67%	   -­‐1.51‰	  
96	   4.24	   76%	   -­‐1.79‰	  
	   	   	   	   	  
D. Viet1  1 
0	   36.15	   0%	   0.01‰	  
6.87	  	  hr	  6	   35.04	   3%	   -­‐0.16‰	  
22.8	   4.95	   86%	   -­‐1.87‰	  
29	   2.26	   94%	   -­‐2.33‰	  
	   	   	   	   	  
D. Viet1  2 
0	   41.64	   0%	   0.00‰	  
5.10	  hr	  6	   30.73	   26%	   -­‐0.21‰	  
22.8	   4.33	   90%	   -­‐1.99‰	  
29	   0.67	   98%	   Not	  used	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Table 4.2. Isotopic fractionation for microbial U(VI) reduction.  
 
 
Experiment 1 Experiment 2  Combined  
Bacterial strain ε (‰)  
Cell 
density 
*107 
(mL-1) 
Cell-
specific 
reduction 
rate *10-17 
(mol.cell-
1.d-1) ε (‰) 
Cell 
density 
*107 
(mL-1) 
Cell-
specific 
reduction 
rate *10-17 
(mol.cell-
1.d-1) ε (‰)  
G. sulfurreducens  
PCA 0.68 ± 0.07 0.07 1145.45 0.71 ± 0.07 0.17 382.77 0.68 ± 0.05 
G. sulfurreducens 
Criddle 0.96 ± 0.10 1.96 1.76 1.01 ± 0.22 1.99 1.89 0.99 ± 0.12 
A. dehalogenans 
FRC-W 0.81 ± 0.11 0.22 43.44 0.64 ± 0.15 0.33 32.88 0.72 ± 0.15 
A. dehalogenans 
FRC-R5 1.02 ± 0.18 0.36 31.40 1.01 ± 0.16 0.39 31.52 0.99 ± 0.12 
Shewanella sp. 
(Neckar River) 0.92 ± 0.04 1.34 88.97 1.01 ± 0.20 1.18 39.59 0.96 ± 0.16 
D. Viet1  0.84 ± 0.01 6.77 93.33 0.89 ± 0.05 7.47 131.20 0.86 ± 0.06 
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ABSTRACT 	  
238U/235U ratio measurements show promise as indicators of U(VI) redox reactions.  
However, it is not known how much the magnitude of any fractionation varies with differences 
in conditions that may affect reaction kinetics.  We investigated the effect of U(VI) concentration 
variations on the magnitude of isotopic fractionation during U(VI) reduction by a novel 
Shewanella isolate, Shewanella sp. (Neckar River). We determined U isotopic fractionation by 
Shewanella sp. during batch incubations with initial U(VI) concentrations of 18.2 µM, 12.5µM, 
9.0 µM, 5.5 µM, and 6.8 µM. The resulting ε values are 0.96‰ ± 0.16‰, 0.67‰ ± 0.13‰, 
0.38‰ ± 0.06‰, 0.36‰ ± 0.07‰ and 0.0‰ ± 0.06‰, respectively. In one experiment with 6.8 
µM average initial U(VI), Shewanella sp. (Neckar River) did not induce isotopic fractionation 
during reduction. This pronounced decrease in the amount of isotopic fractionation with 
decreasing U(VI) probably reflects changes in the dynamics of U transport into and out of the 
cells and enzymatic reduction similar to those observed with sulfate reduction. We suggest that 
as U(VI) concentration decreases below about 15 µM, transport of U(VI) into the cell becomes 
irreversible and this reduces the magnitude of isotopic fractionation.  
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INTRODUCTION 
Industrial and military use of uranium (U) led to significant U contamination in 
groundwater in several parts of the world. At circum-neutral pH under oxidizing conditions U is 
stable as hexavalent U (U(VI)), which is mobile in contaminated aquifers. Enzymatic reduction 
of soluble U(VI) to insoluble U(IV) by several bacterial genera has been a focus of research for 
past few decades (Wall and Krumholz, 2006; Kostka and Green, 2011). Successful 
demonstration of U(VI) reduction in a biostimulation experiment at the US Department of 
Energy’s (DOE) Integrated Field Research Challenge site (IFRC) at Rifle, Colorado, (Anderson 
et al., 2003) highlights the potential for bio-reduction as a viable remediation technique.   
High precision U isotope (238U/235U) measurements are being developed as a new tool to 
monitor microbial activity affecting U(VI) mobility in the subsurface. U isotope fractionation 
occurs during microbial U(VI) reduction, resulting in preferential partitioning of heavy isotopes 
(i.e. 238U) in the U(IV) product phase (Basu et al., 2013). Bopp et al. (2010) observed that the 
remaining U(VI) in groundwater became isotopically lighter (enriched in 235U) after 
biostimulation at the IFRC site at Rifle, Co. The theory behind this “reverse” sense of 
fractionation (compared with lower z number elements where the product is enriched in lighter 
isotopes) is discussed elsewhere.  As reduction proceeds, the remaining U(VI) pool becomes 
progressively enriched in lighter isotopes (i.e. 235U).   
The amount of reduction can be quantified by measuring the 238U/235U in the remaining 
U(VI) in groundwater. The 238U/235U values are generally reported in terms of per mil 
differences from U isotope standard NIST CRM 112-A, according to the following expression  
δ 238 U = (
238 U/ 235 U)sample
( 238 U/ 235 U)CRM 112-A
−1
"
#
$
%
&
'×1000‰                       (1) 
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The magnitude of the isotopic enrichment is represented by the isotopic fractionation factor α, 
described by the following expression  
 α =
Rproduct
Rreactant
                                                                      (2)  
where Rproduct and Rreactant  are 238U/235U in the U(IV) product flux and remaining U(VI) pool, 
respectively, at one instant in time. Conveniently, α is often expressed as ε, defined as  
ε =1000‰*(α −1)                                                            (3) 
Expressing the magnitude of isotopic fractionation as ε is particularly useful since it is very close 
to the offset in δ238U between the U(IV) product flux and the dissolved U(VI):  
               ε ≈ δproduct −δreactant                                                           (4) 
A recent study by our group (Basu et al., 2013) determined the range of ε values for 
U(VI) reduction by several genera of Gram-negative and a Gram-positive bacteria. In that study, 
significant isotopic fractionation (ε = 0.68‰ to 0.99‰) was observed for all bacterial species in 
experiments with starting U(VI) concentrations ranging from 5 µM to 18 µM.  However, U(VI) 
concentrations reported from many contaminated sites are far below this range. For instance, the 
U(VI) concentrations in contaminated waters from the DOE Rifle IFRC site (CO) vary from ~0.4 
to ~1.4 µM prior to biostimulation (Anderson et al., 2003). In another example, dissolved U 
concentrations of up to 5 µM occur in contaminated groundwater samples from the Nambe 
region in northern New Mexico, US (Hakonson-Hayes et al. 2002).  Because the magnitude of 
microbial S and N isotope fractionation during reduction are known to vary with changing 
sulfate and nitrate concentrations (Habicht et al., 2005; Granger et al., 2008), we seek to 
determine if a similar effect of U(VI) concentrations on the magnitude of U isotope 
fractionations during microbial U(VI) reduction may be seen.  
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Here, we investigate the effect of varying U(VI) concentrations on the magnitude of 
isotopic fractionation in batch incubation experiments with Shewanella sp. (Neckar River). We 
vary the initial U(VI) concentration keeping other parameters (e.g., electron donor concentration, 
cell density) almost constant and determine the magnitude of isotopic fractionation.  
MATERIALS AND METHODS 
Media for Bacterial Cultures and U(VI) Incubations   
Shewanella sp. (Neckar River) cultures were grown anaerobically in batch cultures in 160 
mL serum bottles with a working volume 80-100 mL at 30°C using a mineral-salt media 
modified from He and Sanford (2002). The details about the composition of the medium can be 
found in Basu et al. (2013). In order to avoid any carry over of phosphate during the inoculation 
for U(VI) incubations, we used a minimal phosphate-buffer concentrations of 200 µM. Under a 
N2-CO2 (80:20) headspace, the growth medium consisted of 10mM HCO3-, and was 
supplemented with 100 µM Na2S as a reductant. The final pH of the medium was adjusted to 7.2. 
The cultures were grown on 2.5 mM Lactate as electron donor and 1 mM NO3- as electron 
acceptor. Resazurin, cysteine, and vitamin solution were omitted from our growth medium.  
The medium used for the U(VI) incubation experiments was identical with the growth 
medium with the exception of phosphate concentration. The concentration of the phosphate 
buffer was reduced to 20 µM to avoid any abiotic U(VI)-phosphate precipitation during the 
experiments. All reductants, vitamin solution and resazurin were omitted from the test medium. 
Prior to use, the serum bottles containing the test medium were stored at 30°C.   
U(VI) Incubation Experiments 
In this paper, each experimental set in duplicate is named after the average initial U(VI) 
concentration of the duplicate reactors for that set. U(VI) batch incubation experiments were 
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conducted in anaerobic glass serum bottles with working volumes ranging from 90-100 mL. A 
uranyl carbonate solution, prepared from Uranium (normal) metal CRM 112-A, was routinely 
used as U(VI) stock solution for desired initial U(VI) concentration in our experiments (Basu et 
al., 2013). Each experiment was carried out in duplicate. A ~10 mL inoculum (10% v/v) of pre-
grown Shewanella sp. (Neckar River) was used for each experiment. The density of the 
microbial population in each reactor and the inoculum was quantified using a LSR II (BD 
Biosciences) flow cytometry analyzer. Each set of experiments contained an abiotic control 
containing our test medium, the U(VI) bicarbonate solution, and no microbial cells. All reactors 
in each experimental set were supplemented with 500 µM of lactate as an electron donor. During 
the course of the experiments, all reactors were incubated at 30°C in the dark, shaken constantly 
at 125 rpm. Each reactor from each experimental set was sampled for cell density, U(VI) 
concentrations and U isotopes at regular intervals. The samples were filtered using 0.2 µm filters 
and stored at 4°C prior to analyses.  
Analytical Methods: U Concentration and Isotope Measurements  
For isotopic analysis, we used a 233U + 236U double isotope spike technique to correct for 
any isotopic fractionation arising from sample purification or mass bias of the instrument during 
mass-spectrometry. An aliquot of double isotope spike solution, composed of 236U and 233U, was 
added to each sample prior to sample purification.  Separation of U from other components of 
the sample matrices was accomplished by anion exchange methods. Details of the double isotope 
spike and sample purification methods can be found in Bopp et al. (2010) and Shiel et al. (2013) 
and Basu et al. (2013). We obtained U(VI) concentrations using a Nu Plasma MC-ICP-MS from 
isotope dilution calculations from using isotopic measurements of spike isotopes and natural U 
isotopes in our samples.  The δ238U values were measured using a Nu Plasma HR MC-ICP-MS. 
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The external precision (2σ) of the isotopic measurements was 0.07‰, determined as twice root 
mean square difference for 9 pairs of duplicate sample preparations.  
We modeled the relationship between isotopic composition and concentration from each 
set of U(VI) incubations using a Rayleigh distillation equation 
δ(t) = (δ0 +1000‰)
c(t)
c0
!
"
#
$
%
&
α−1
−1000‰                (5) 
where c0  and δ0  are the initial concentration and isotopic composition of U(VI), c(t)  and δ(t)
are the concentration and isotopic composition at time t, and α is the isotopic fractionation factor 
given in equation 2. The best fit α values calculated from the slope of the best fit line from 
linearized plots of ln(δ 238U+1000‰) vs. ln c(t)[ ]  following a method equivalent to that 
suggested by Scott et al. (2004). The uncertainties in the ε values (expressed as 2*s.e.) were 
derived from the uncertainties of the slopes, which in turn are derived by standard regression 
methods from data scatter about the best-fit lines.  
The U(IV) precipitates from the experiments with 6.8 µM initial U(VI) were filtered 
using a 0.2 µm filter and analyzed using Uranium LIII-edge X-ray absorption near-edge structure 
(XANES) at the MRCAT/EnviroCAT beam-line, Advanced Photon Source, Argonne National 
Laboratory. The details of this method can be found elsewhere (see Boyanov et al., 2011). 
RESULTS  
U(VI) Reduction Rates and Cell-specific Reduction Rates 
We observed decreases in U(VI) concentrations with incubation time in all reactors 
except the no-cell controls (Fig. 5.1, Table 5.1). A first order kinetics model reasonably fits the 
data from each reactor. The half-lives of U(VI) in all reactors range from 15 hr to 45 hr with the 
exception of experiments with 6.8 µM initial U(VI), where the time taken for about ~50% U(VI) 
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removal was greater than 100 hours. Since the microbial population density differed in the 
reactors, we normalized the reaction rate in each reactor to the population density. The cell-
specific U(VI) reduction rate was calculated as follows.  
 
where Δc is the U(VI) concentration decrease in each reactor during the first half-life (t1/2), and d 
is the cell density. The cell-specific reduction rates were low, varying from 6.9×10-17 mol.cell-1.d-
1 to 88.9×10-17 mol.cell-1.d-1 (Table 5.2).  
The X-ray Absorption Near Edge Structure (XANES) analysis of the solid reaction 
products from the experimental set with 6.8 µM initial U(VI) (Fig. 5.1i, 5.1j) confirmed U(VI) 
reduction; ~90% of the U in the solid products was U(IV) (Fig. 5.2).  
U Isotope Fractionation 
Significant isotopic fractionation occurred in all experiments, except the one with 6.8 µM 
initial U(VI). With progressive reduction, δ238U values of U(VI) in the remaining solution 
decreased steadily relative to the starting δ238U composition (~0.0‰) (Fig. 5.1). In some 
experiments, the initial δ238U was already decreased relative to the U(VI) stock solution (δ238U 
~0.0‰) within first few minutes since the beginning of the experiment (see below). Even though 
we measured the δ238U of the U(VI) stock solution, this values was not used as the initial δ238U 
value for the Rayleigh model fits.  The δ238U measurements from the sample taken after a few 
minutes were used as is explained in the discussion below. 
 We excluded some data from time points close to the completion of the reduction (e.g. 
>88% reduction for the experiment with starting U(VI) ≈ 18.2 µM) from our isotopic analysis. 
These data points were aberrantly shifted towards isotopically heavier values, which we 
attributed to the contamination by very fine U(IV) precipitates passing through the filter. 
Cell-specific Reduction Rate = Δct1/2 *d
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 The ε values were determined by fitting the data from each reactor to Rayleigh 
distillation models. For each experiment, a single ε fit all data from duplicate reactors and 
therefore, we combined the data from the duplicate experiments.  The ε values varied 
significantly between experiments, ranging from 0.0‰ to 0.96‰ (Table 5.2). The uncertainties 
(2σ) of ε values of the duplicate experiments combined ranged from ±0.07 to ±0.16‰.  
The ε values were strongly dependent on the initial U(VI) concentrations (Fig. 5.3).  The 
strongest fractionation (ε = 0.96‰) was observed for the highest U(VI) concentration (~18.20 
µM) experiments and the ε values decreased with decreasing U(VI) concentrations and were 
significantly muted at U(VI) concentrations below 10 µM.  
DISCUSSION  
Early rapid U(VI) reduction  
A rapid reduction of U(VI) occurred in some of our reactors within the first few minutes. 
This is suggested by slightly lowered initial δ238U values in the experiments with 18.20 µM or 
12.48 µM starting U(VI).  This loss of U(VI) may not be resolvable in our concentration data 
when the U(VI) concentration drop is small relative to the uncertainties in the amount of injected 
U(VI) in to the serum bottles. However, the early, rapid reduction does not impact the 
interpretation of the isotopic data since the Rayleigh model can use any point in the experiment 
as a starting point.  Although the true initial δ238U of the experiments was known to be 0.0‰ (the 
value of the U(VI) stock solution), U(VI) concentration change and the amount of U(VI) 
reduction are not well constrained during the first few minutes of the experiments.  Thus, the 
sample taken a few minutes into each experiment was used as the effective starting point for 
δ238U and U(VI) concentration for each experiment.  
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Nature of Fractionation 
  The sense of isotopic fractionation (i.e., the enrichment of the heavy isotopes (i.e. 238U) 
in the reaction products) observed in our experiments is consistent with the observations reported 
in the previous work (Bopp et al., 2010; Basu et al., 2013). The preferential reduction of the 
heavy isotopes may seem unusual when compared to isotopic fractionation of lighter elements 
(e.g. Cr or Se) during microbial reduction. The data from our experiments conform to Rayleigh 
models suggesting 238U reacts more readily relative to 235U during U(VI) reduction.  This reverse 
sense of fractionation is governed by the nuclear volume effect (Bigeleisen, 1996; Schauble, 
2007). The nuclear volume effect originates from the difference in nuclear size between two 
isotopes. According to the established theory (see Schauble, 2007), the larger U isotopes (i.e. 
238U) are more stable in U(IV) species with lower electron density at the nucleus, since the 
system achieves the lowest energy conditions when 238U occupy sites with low electron density 
at the nucleus. The observed sense of isotopic fractionation (heavy isotopes partitioning in the 
U(IV) product phase) is consistent with the mass-independent isotopic effect expected from the 
nuclear volume effect.   
Mechanism of U(VI) Reduction by Shewanella 
Shewanella genera are capable of reducing U(VI) enzymatically, utilizing a variety of 
electron donors (DiChristina et al., 2005; Wall and Krumholz, 2006). The U(VI) reduction 
activity has generally been attributed to membrane-associated enzymes – particularly c-type 
cytochromes associated with the outer membrane or the periplasmic space (Meyer et al. 2004; 
DiCristina et al., 2005, 2006; Marshall et al., 2006). Consequently, the U(IV) products are 
observed to form outside the cell, on the cell membrane and in the periplasmic space in several 
Shewanella species (Liu et al., 2002; Marshall et al., 2006). However, the members of the 
 131 
Shewanella genera show remarkable diversity in metabolic pathways including reduction 
mechanisms. For S. oneidensis MR-1, membrane-associated c-type cytochromes (predominantly 
MtrC and OmcA) play a major role (Marshall et al., 2006). Although U(VI) reduction by the 
strain MR-1 is mostly extracellular, mutants deficient in outer membrane cytochromes MtrC and 
OmcA reduced U(VI) predominantly in the periplasm. Contrarily, in S. putrefaciens strain 200, 
NO2- reduction activity shares common respiratory components with U(VI) reduction activity 
and the electron transfer likely take place via menanquinone and periplasmic enzymes – CymA 
and nitrite reducing Nrf systems (DiChristina et al., 2005, 2006; Wade and DiChristina, 2007). 
Interestingly, another member of the Shewanella genera, S. denitrificans lacks the ability to 
synthesize menaquinone and does not contain the metal-reductase-containing locus that encodes 
genes necessary for metal reduction in other Shewanella species. Since the isotopic fractionation 
is a result of the changes in the coordination of oxygen atoms around U(VI) during reduction, the 
pathways of electron transfer may affect the magnitude of the isotopic fractionation significantly.  
Conceptual Model for U Isotope Fractionation by Shewanella sp. (Neckar River) 
Based on previous studies of C, H, S, and Cr isotope systems (Rees, 1973; Hayes, 2001; 
Canfield, 2001; Johnson and Bullen, 2004; Johnston et al., 2007; Johnson et al., 2011), a 
generalized conceptual model for microbial U isotope fractionation was developed in Basu et al. 
(2013). This model states that during multi-step U(VI) reduction by bacteria, the overall isotopic 
fractionation is determined by the step with the slowest kinetics. The reaction steps in microbial 
U(VI) reduction include – diffusion or active transport of U(VI) into the cells followed by 
enzymatic reduction and leakage of remaining, isotopically fractionated U(VI) from the cells. 
The overall magnitude of the isotopic fractionation is given by the sum of fractionations from all 
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steps up to and including the step with the slowest kinetics (i.e., the rate-limiting step). The steps 
after the rate-limiting step do not impact the overall isotopic fractionation.  
Bacteria can reduce U(VI) extracellularly using enzymes located on the outer membrane. 
When extracellular U(VI) reduction occurs by outer membrane enzymes, preferential reduction 
of 238U on or outside the cell membrane immediately affects the bulk U(VI) pool outside the cell 
(Fig. 5.4).  In this case, the extent of the isotopic fractionation is fully expressed in the measured 
U(VI) pool. This model also predicts no rate effect when U(VI) reduction is exclusively 
extracellular and full chemical communication exists between the site of the reduction (e.g. 
terminal part of the enzyme) and the bulk U(VI) pool. Additional complexities may arise from 
diffusive barriers such as surface coatings of extracellular polymeric substances (EPS) around 
the cell.  Prior to reduction, dissolved U(VI) must diffuse through this coating to access the 
terminal part of the enzyme. This may subdue the magnitude of isotopic fractionation due to the 
diffusion limitation. A rate affect may also be manifested when U(VI) reduction occurs in part in 
the periplasmic space. However, for predominantly extracellular U(VI) reduction, we expect 
isotopic fractionation to be fully expressed regardless of the concentration of U(VI) or the 
electron donor in the bulk reactant pool.  
Alternatively, the reduction may be restricted to the periplasmic space (Fig. 5.4).  In this 
case, the isotopic fractionation may be expressed in the outside U(VI) pool to varying degrees, 
depending on the amount of chemical communication between the periplasm and the outside 
bulk solution. In order for the isotopic fractionation to be expressed in the bulk U(VI) pool, some 
isotopically fractionated U(VI) must leak out from the periplasmic space through the cell 
membrane. In the case of rapid and efficient enzymatic reduction, the diffusion/transport of 
U(VI) into the periplasm may become the rate-limiting step in the chain of reaction steps 
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involved in U(VI) reduction. This scenario yields weaker isotopic fractionation, as no redox 
change occurs, and thus essentially no isotopic fractionation occurs, during transport. The 
subcellular location of U(VI) reduction in Shewanella sp. (Neckar River) is not yet fully 
characterized, but fractionation weaker than the observed maximum fractionation (~1‰) in some 
of our experiments suggests that the reduction is predominantly intracellular, possibly with a 
minor extracellular component.  
The leakage of the fractionated U(VI) from the cell becomes important for predominantly 
intracellular reduction. For example, if the reduction is restricted in the periplasmic space only, a 
rapid enzymatic reduction rate results in less leakage from the cells out to pool of UVI outside 
the cell. The leakage out of unreacted U(VI) may also be regulated by the active transport of 
U(VI) across the outer membrane into the periplasmic space. Under low U(VI) concentrations, 
the active transport of U(VI) may become strong allowing very little U(VI) to leak out from the 
cells. Granger et al. (2008) have observed a similar scenario for N isotope fractionation during 
microbial NO3- reduction, where at low NO3- concentrations, the active transport of NO3- across 
the inner membrane regulates the overall isotopic fractionation and renders the overall isotopic 
fractionation diminished (see the discussion below).  
The reduction kinetics do not control the magnitude of isotopic fractionation in these 
experiments. There is no systematic relationship between the cell-specific reduction rate and the 
ε values for the Neckar river experiments. Also, we found no systematic relationship between the 
starting U(VI) concentration and the cell-specific reduction rate in our experiments. The size of 
the bacterial population was similar in all the reactors. The cell-specific reduction rates were also 
comparable between the reactors.  Interestingly, the experiments yielding no isotopic 
fractionation also had the lowest cell-specific reduction rate arising from the lowest cell density 
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(≥ 6 × 107 cells/mL). The average cell-specific reduction rate from all experimental sets was 42 × 
10-17 mol.cell-1.d-1, which is close to that for U(VI) reduction by several Gram-negative bacteria 
reported in Basu et al. (2013). Since the values of cell-specific reduction rate were uniform 
within a narrow range, the observed variation of ε must have been due to other factors. 
Habicht et al. (2005) reported a similar relationship between electron acceptor 
concentration and isotopic fractionation during sulfate reduction by a hypothermophillic 
archaeon Archaeoglobus fulgidus strain Z.  S isotope fractionation was not dependent on the 
sulfate at concentrations above 2 mM. However, at concentrations below 2 mM, the ε values 
decreased with decreasing sulfate concentration. This dampening of isotopic fractionation was 
attributed to less leakage of fractionated sulfate from cells at limiting sulfate concentrations, 
presumably due active uptake of sulfate. Granger et al. (2008) reported attenuation of N isotope 
fractionation during nitrate reduction by anaerobic respiratory denitrifiers (Pseudomonas stutzeri, 
Ochrobactrum sp., Paracoccus denitrificans, Pseudomonas chlororaphis) as nitrate 
concentrations approached half-saturation constant for nitrate transport. In other words, transport 
of nitrate becomes the rate-limiting step for denitrification at nitrate-depleted conditions (≤ 6 
µM) and the resultant isotopic fractionation is dampened, since transport of nitrate does not 
produce significant isotopic fractionation. A non-respiring denitrifier, Rhodobacter sphaeroides, 
with only a periplasmic nitrate reductase, exhibited similar suppression of isotopic fractionation 
at low nitrate conditions. Both SO42- and NO3- reduction in the studies discussed above were 
essentially intracellular. Our observations closely resemble the results from the above examples 
(Habicht et al., 2005; Granger et al., 2008).  
Active uptake of U(VI) in to the cell likely plays a major role regulating the magnitude of 
isotopic fractionation. At present, whether or not this microbial strain has an active transport 
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mechanism for U(VI) that carries the uranyl ions in the neighborhood of the enzymes is not 
known. Studies on sulfate reducing organisms have demonstrated a shift in mechanism of the 
transport of sulfate in to the cell leading to intracellular accumulation of sulfate under sulfate-
limited conditions (Cypionka, 1995). In other words, SO42- limitation may induce higher SO42- 
uptake in to the cell for some organisms. Despite a higher energy demand, this strategy is 
beneficial to the cells as enough energy to maintain cellular activities can be obtained even when 
sulfate is sparse. Shewanella sp. (Neckar River) may have adopted a similar strategy at lower 
U(VI) concentrations in our experiments. This seems reasonable since U(VI) was the sole 
electron acceptor to provide energy to the cells.  Assuming active uptake of U(VI) into the cells 
does not impart significant isotopic fractionation (there is no redox shift or co-ordination change 
for the U),  if the uptake mechanism effectively stops intracellular U(VI) from leaking out, then 
the isotopic fractionation of the overall uptake + reduction process is expected to impact no 
isotopic fractionation to the U(VI) outside the cell and thus no isotopic fractionation is 
manifested for the overall reaction.   
We hypothesize the following: Reduction is predominantly by intracellular (i.e. 
periplasmic) enzymes and lower U(VI) concentrations impact the transport of U(VI) into the 
periplasmic space. We infer that during U(VI) reduction active transport probably becomes 
stronger with decreasing initial U(VI) concentrations allowing little leakage of fractionated 
U(VI) from the cell. In the periplasm, the remaining unreacted U(VI) should still be isotopically 
fractionated. However, with lower initial U(VI), less leakage of fractionated U(VI) from the 
periplasm occurs which reduces the overall isotopic fractionation. We believe that the 
experiment that yielded no isotopic fractionation is the extreme manifestation of the situation 
described above where no leakage of U(VI) occurred.  
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The sequestration of U as U(VI) via adsorption on the cells or as U(VI) solid phases 
inside the cell prior to reduction may be invoked as an alternative reaction mechanism that may 
explain our observations from Shewanella sp. (Neckar River) experiments. Adsorption of U may 
remove U(VI) from the solution without causing any measurable U isotope fractionation (Shiel 
et al., 2013). However, adsorption of U(VI) on microbial cells is unlikely to be major U removal 
mechanism due to presence of U(VI)-complexing anions (10 mM HCO3-) and low cell density 
(~107 cells/mL or less) in our experiments. The rate of U(VI) concentration decrease during the 
first few hours follows the first order kinetics of later time points suggesting sorption was 
negligible. Some micro-organisms are capable of sequestering U(VI) via bio-mineralization of 
U(VI)-phosphate on the cell-surface (Beazley et al., 2009; Sivaswamy et al., 2011) but no such 
mechanism is known for the members of Shewanella genera. Such mechanism may exist for 
Shewanella sp. (Neckar River), however this seems less likely. Further research is needed to 
explore the nature of U(VI) reduction mechanism of Shewanella sp. (Neckar River) and its 
implications on the concomitant isotopic fractionation.  
As we begin to apply U isotope ratios as an indicator of U(VI) reduction, the possibility 
that the pattern observed here, with the magnitude of U isotope fractionation decreases with 
decreasing U(VI) concentrations, occurs in relevant field settings must be considered. Our results 
indicate that for one set of experimental conditions, U(VI) reduction by Shewanella sp. (Neckar 
River) did not induce measurable isotopic fractionation when the initial U(VI) concentration was 
~7 µM.  Other experiments at low U(VI) concentrations exhibited non-zero, but still diminished 
fractionation relative to the higher concentration experiments. U(VI) concentrations less than 7 
µM are reported from natural systems (e.g., 0.014 µM in seawater (Weyer et al. 2008) or 0.42 – 
0.95 µM U(VI) in contaminated groundwater at the Rifle site (Bopp et al. 2010)). Under these 
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conditions, microbial U(VI) reduction may be limited by the U(VI) concentrations and the 
resulting U isotope fractionations may be significantly lowered or may not be expressed at all.  
On the other hand, it has been reported that several microbial species induced stronger isotopic 
fractionation (~1‰) at 6.8 µM U(VI) concentrations  (Basu et al. 2013).  This suggests the 
possibility that the Neckar River strain has unusual characteristics, and most microbes do not 
follows suit.  Alternatively, a lower U(VI) concentration threshold might be required to force 
lesser fractionation by the microbes of the Basu et al. (2013) study.   Furthermore, in a natural 
setting, the microbial population is expected to be composed of several bacterial genera and not 
restricted to only one species. Therefore, U isotope approach can still be used with some caution 
for detection or quantification of U(VI) reduction at the remediation sites or in geological 
samples.  
CONCLUSIONS 
Our results clearly suggest a strong U(VI) concentration dependence of the magnitude of  
isotopic fractionation during U(VI) reduction by Shewanella sp. (Neckar River). The magnitude 
of isotopic fractionation, expressed as ε, decreased with decreasing U(VI) concentrations. At 
higher U(VI) concentration (~18.2 µM), Shewanella sp. (Neckar River) produced relatively 
strong isotopic fractionation (ε = 0.96‰ ± 0.16‰).  At low U(VI) (≤ 9  µM) concentrations, 
isotopic fractionation was significantly muted. U(VI) reduction in one experimental set with 6.8 
µM initial U(VI),  resulted no isotopic fractionation.   The stronger fractionation observed in our 
higher concentration experiments is comparable to microbial U isotopic fractionation reported in 
Basu et al. (2013) for eight U(VI)-reducing microbes. 
We suggest that the U(VI) reduction by Shewanella sp. (Neckar River) is mostly 
intracellular (i.e. periplasmic) and low U(VI) concentrations affect the transport of U(VI) into the 
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cell. At low U(VI) concentrations, active U(VI) transport into the cell may occur leading to a 
reduction of the leakage of isotopically fractionated U(VI) from the periplasmic space. This 
causes a reduction in the magnitude of fractionation at low U(VI) concentrations. A similar 
lowering of isotopic fractionation under electron acceptor limiting conditions is also reported 
during microbial SO42- and NO3- reduction.  
Our experiments demonstrated that U(VI) reduction by Shewanella sp. (Neckar River) 
did not always induce isotopic fractionation under U(VI) limited conditions. Future work should 
determine whether or not this lack of isotopic fractionation is a common occurrence during 
microbial U(VI) reduction.  The results from our low U(VI) incubations with Shewnella sp. 
(Neckar River) suggest that muting of isotopic fractionation is sensitive to minor changes in 
reaction conditions. However, at high U(VI) concentrations (>10 µM), significant isotopic 
fractionation should be produced by naturally diverse microbial population.   
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Fig. 5.1. The left panel shows U(VI) concentration decrease during incubations with Shewanella sp. (Neckar River) 
for U(VI) concentrations a) ~18.2 µM c) ~12.48 µM  e) ~9.04 µM g) ~5.54 µM i) ~6.83 µM. The right panel shows 
concomitant U isotopic fractionations in b), d), f), h) and j), respectively.  
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Fig. 5.2. U LIII-edge XANES spectrum from the solid phase of incubations with Shewanella sp. (Neckar River) 
(line), compared to U(VI) and U(IV) standards (symbols). The spectrum mostly overlies the U(IV) standard, 
indicating the predominance of U(IV) species in the sample. The standards are (1) aqueous U(VI)-carbonate species 
and (2) solid-phase U(IV)-phosphate species produced during U(VI) reduction by Desulfitobacterium spp. More 
information on these standards can be found in Boyanov et al. (2011). 
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Fig. 5.3. The ε from U(VI) incubations with Shewanella sp. (Neckar River) decreases with decreasing starting U(VI) 
concentrations. 
 
 
 
Fig. 5.4. General model for U isotope fractionation by a Gram-negative bacterium. For extracellular U(VI) 
reduction, isotopic fractionation in the bulk U(VI) pool is fully expressed. For predominantly periplasmic U(VI) 
reduction, U isotope fractionation in the bulk U(VI) pool outside the cell depends on the leakage of the fractionated 
U(VI) from the periplasmic space.  
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Table 5.1. Results from U(VI) incubations with Shewanella sp. (Neckar River).  
Average initial U(VI) = 18.20 µM 
Exp 1 
Time (hr) U(VI) (µM)  % Reduced  δ238U(‰) Half life of U(VI) 
0 19.50 0% -0.50‰ 
19.63 hr 
18 9.03 54% -1.19‰ 
25 6.39 67% -1.52‰ 
50 2.09 89% -2.02‰* 
96 0.66 97% -2.28‰* 
Exp 2 
0 17.35 0% -0.29‰ 
44.71 hr 
25 14.25 18% -0.70‰ 
50 8.53 51% -1.26‰ 
73 5.74 67% -1.51‰ 
96 4.24 76% -1.79‰ 
 Average initial U(VI) = 12.48 µM  
Exp 1  
0 12.73 0% -0.25‰ 
15.10 hr 
9 5.99 53% -0.49‰ 
34 2.85 78% -1.48‰ 
50 0.75 94% -1.92‰* 
73 0.45 96% -1.63‰* 
Exp 2  
0 12.22 0% -0.25‰ 
39.60 hr 
9 10.80 12% -0.23‰ 
25 7.88 36% -0.52‰ 
50 5.63 54% -0.89‰ 
96 2.25 82% -1.49‰ 
 Average initial U(VI) = 9.04 µM 
Exp 1 
0 8.78 0% -0.02‰ 
15.33 hr 
10 8.27 6% -0.09‰ 
20 7.34 16% -0.20‰ 
33 4.64 47% -0.46‰ 
51 0.83 91% -1.14‰ 
Exp 2 
0 9.30 0% -0.07‰ 
14.59 hr 
10 8.44 9% -0.06‰ 
20 7.52 19% -0.11‰ 
33 5.72 38% -0.31‰ 
51 1.07 88% -0.96‰ 
70 0.41 96% -1.09‰ 
Average initial U(VI) = 5.54 µM 
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 Exp 1 
0 5.57 0% -0.05‰ 
17.03 hr 
20 4.45 20% -0.17‰ 
33 4.23 24% -0.31‰ 
51 1.07 81% -0.84‰ 
70 0.36 94% -1.02‰ 
Exp 2 
0 5.51 0% -0.16‰ 
23.33 hr 33 5.42 2% -0.27‰ 
51 2.22 60% -0.60‰ 
70 0.64 88% -1.04‰ 
 Average initial U(VI) = 6.83 µM 
 Exp 1  
0 7.13 0% 0.02‰ 
105.0 hr 
20 6.33 11% -0.09‰ 
49 4.61 35% -0.06‰ 
98 4.59 36% 0.03‰ 
149 3.30 54% -0.01‰ 
176 1.78 75% 0.00‰ 
Exp 2 
0 6.53 0% -0.01‰ 
173.25 hr 
20 6.17 6% -0.03‰ 
49 5.01 23% 0.01‰ 
98 4.65 29% 0.01‰ 
149 3.86 41% -0.04‰ 
176 3.01 54% -0.05‰ 
 
 
 
* Data not used in calculations for determination of ε.  
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Table 5.2. Isotopic fractionation determined for U(VI) incubations with Shewanella sp. (Neckar River) 
Experiment 1 Experiment 2  
 
Initial 
U(VI) 
(µM) ε (‰)  
Cell 
density 
*107 
(mL-1) 
Cell-specific 
reduction 
rate *10-17 
mol.cell-1d-1) 
Initial 
U(VI) 
(µM) ε (‰)  
Cell 
density 
*107 
(mL-1) 
Cell-specific 
reduction 
rate *10-17 
mol.cell-1d-1) 
Combined ε 
(‰)  
19.5  0.92 ± 0.04 1.34 88.97 17.35 1.01 ± 0.20 1.18 39.59 0.96 ± 0.16 
12.73  0.64 ± 0.26 1.82 55.63 12.22 0.78 ± 0.11 1.51 24.48 0.67 ± 0.13 
8.78  0.46 ± 0.07 1.40 49.16 9.30 0.35 ± 0.06 1.04 73.47 0.38 ± 0.06 
5.57 0.35 ± 0.10 1.34 29.20 5.51 0.39 ± 0.07 0.78 36.30 0.36 ± 0.07 
7.13 0 ± 0.06 0.52 15.57 6.53 0 ± 0.09 0.66 6.89 0 ± 0.06 
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ABSTRACT 
U isotopic fractionation induced by U redox changes has been attributed to nuclear 
volume effect (NVE) arising from the difference in nuclear size between 235U and 238U. The 
resulting isotopic fractionation causes 238U enrichment in the U(IV) species. Here, we 
experimentally determined isotopic shifts in both 238U/235U and 238U/236U induced by U(VI) 
reduction during batch incubations by a metal reducing bacterium, G. sulfurreducens. The initial 
U(VI) solution was spiked with 236U to enable determination of the isotopic fractionation factors 
α238-235 and α238-236 and to derive a NVE scaling factor of 2.01 ± 0.30. The theoretical NVE 
determined from the mean squared nuclear charge radii (δ<r2>) for 238U, 236U and 235U between 
isotope pairs 238-235 and 238-236 was 1.67. The relationship between the 238U/235U and 
238U/236U shifts is consistent with a previously published prediction derived from a model of the 
nuclear volume effects. 
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INTRODUCTION 
The changes in redox chemistry of uranium (U) lead to significant changes in 238U/235U 
ratios. During the chemical reduction of hexavalent uranium (U(VI)), the products are enriched 
in 238U (Weyer et al., 2008; Bopp et al., 2010, Stirling et al., 2007; Basu et al., 2013) enabling 
use of 238U/235U ratios as an indicator for redox changes. However, this sense of fractionation 
(preferential reduction of the heavier isotope) is reversed compared to isotopic fractionation of 
lower z-number redox-active elements, where reduction invariably creates isotopically light 
products.  The isotopic fractionation of the lower z-number elements has been attributed to 
bonding energy differences arising from mass differences (Schauble, 2004). However, 
Bigeleisen (1996) provided a theoretical framework for the role of nuclear volume in 
fractionation of isotopes of heavy elements which leads to the observed “reverse” isotopic 
fractionation of U isotopes. According to this theory, the nuclear volume effect (NVE), also 
known as nuclear field shift, causes mass-independent fractionation, which at equilibrium leads 
to enrichment of heavy isotopes in the reduced U phases with lower electron density at the 
nucleus (Schauble 2007, Ghosh et al., 2012).   
The NVE originates from the difference in nuclear size between isotopes of the very 
heavy elements (e.g., Hg, Tl, U; Bigeleisen, 1996; Schauble, 2007). With these elements, nuclei 
are very large, their radii increase with increasing mass, and they occupy enough space to affect 
electron orbital energies. The size of the nucleus affects the distribution of charge at the nucleus; 
larger nuclei have more diffuse nuclear charge (i.e., low charge density), and this results in lower 
binding energies for s electrons. This causes differences in thermodynamic properties among the 
isotopes. At isotopic equilibrium, isotopes with larger nuclei are expected to be enriched in 
phases with less electron density at the nucleus (i.e., fewer s electrons) (Schauble, 2007).  
 152 
The differences in electronic configuration between U(IV) and U(VI) involve p, d, and f 
electrons; the reduced U(IV) species has two more f electrons (U(VI) ≈ [Rn]5f0, U(IV) ≈ 
[Rn]5f2). These extra f electrons lower the electron density at the nucleus by partially screening 
the s electrons and thus induce an additional stabilization of larger nuclei (i.e., 238U) in the 
reduced U(IV) phases (Schauble, 2007; Ghosh et al., 2012). This effect opposes and overwhelms 
the well-known mass-dependent equilibrium isotopic fractionation (Bigeleisen, 1996). 
Accordingly, we expect greater 238U/235U ratios in U(IV) relative to those in U(VI), if isotopic 
equilibrium is attained. Fuji et al. (1989) and Nomura et al., (1996) reported the enrichment of 
238U in the U(IV) species during U(VI)-U(IV) exchange. However, these experiments were 
carried out at high temperature (160°C) and likely involved rapid isotopic equilibrium between 
the reduced and the oxidized U species. These studies give little information about the behavior 
of the U isotopes and the NVE during U(VI) reduction in low temperature systems.  
During rapid microbial U(VI) reduction isotopic fractionation has been shown to cause 
enrichment of 238U relative to 235U in the U(IV) product and a decrease in 238U/235U ratio in the 
remaining U(VI) species as the reaction progresses (Basu et al., 2013). The enrichment of 238U in 
the U(IV) species is also observed in natural samples such as roll front deposits (e.g., Bopp et al, 
2009; Brennecka et al., 2010) and during redox changes at low temperatures (e.g. biostimulation) 
(Stirling et al., 2007; Bopp et al., 2010). The observed 238U/235U ratios during low temperature 
microbial U(VI) reduction reported by Basu et al. (2013) conform to Rayleigh distillation 
models. These data showing 238U enrichment in the U(IV) product phases are consistent with the 
theoretical equilibrium effect.  
The NVE causes the odd isotope 235U to show anomalous isotopic fractionation relative 
to expectation of a mass dependent process. Laboratory studies (Fuji et al., 1989; Nomura et al., 
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1996) of U(VI) – U(IV) exchange reactions showed a deviation of the isotopic enrichment factor 
for 235U from the mass-dependent relationship exhibited by the enrichment factors for the even 
isotopes 234U, 236U and 238U. Generally, a linear relationship is observed between nuclear radius, 
mass, and the number of neutrons of an isotope. However, for isotopes with odd number of 
neutrons, nuclear radius deviates from this linear relationship with odd isotopes (e.g. 235U) being 
smaller than the linear change expected between the adjacent even numbered isotopes (234 and 
236) (Schauble, 2007).  This is known as odd-even staggering (Fig. 6.1). Due to this odd-even 
staggering, isotopic fractionations due to nuclear volume effect do not scale with the mass of the 
isotopes. (Bigeleisen, 1996; Schauble, 2007). For this reason, the isotopic fractionations from the 
nuclear volume effect exhibited by a pair of even isotopes (e.g. 238-236) and an odd-even pair of 
isotopes (e.g., 238-235) are related by a NVE scaling factor, proportional to the isotopic 
difference in their nuclear radii.  
A theoretical NVE estimate, proportional to the isotopic difference in mean squared 
nuclear charge radii (δ<r2>) (King, 1984) can be calculated for any isotope pair, from the 
estimates of nuclear charge radii using the following expression from Ghosh et al., (2012).  
NVE Scale Factor = ri
2
− rj
2
ri
2
− rk
2                         
where, ri
2 , rj
2
and rk
2 are the mean-squared nuclear charge radii (fm2) corresponding to 
isotopes i, j, and k. Thus, the current NVE model makes specific predictions for the scaling factor 
between the isotope pairs 238-236 and 238-235.  
In this study, we tested the NVE model for isotopic fractionation during kinetically 
controlled U(VI) reduction by comparing shifts in the 238U/235U ratio with those of the 238U/236U 
ratio. A U(VI) stock solution derived from natural U was supplemented with 236U (half-life 2.3 x 
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107 yr.) to enable the 238U/236U measurements. We experimentally determined the isotopic 
fractionation during U(VI) reduction in batch incubations with a metal reducing bacterium, G. 
sulfurreducens strain PCA, and compared the experimental results with the theoretical prediction 
of NVE fractionation for shifts in the 238U/235U and 238U/236U ratios.  
MATERIALS AND METHODS 
We prepared microbial growth medium and all stock solutions using high purity (18 MΩ-
cm) deionized water. All glassware used in this study were soaked in 4N HCl overnight and 
rinsed with deionized water several times to avoid contamination from background natural U.  
Bacterial Cultures and U(VI) Incubations  
To grow G. sulfurreducens, we prepared a mineral-salt medium modified from He and 
Sanford (2002). We reduced the phosphate concentration from 2 mM to 0.2 mM in order to 
avoid abiotic U(VI)-phosphate precipitation. The growth medium contained 10 mM bicarbonate 
buffer and 100 µM Na2S as a reductant. Resuzarin, vitamin solution and cysteine were omitted 
from the growth medium. G. sulfurreducens cells were supplied with 3 mM acetate as an 
electron donor and 10 mM fumarate as an electron acceptor. The cells were grown to a cell 
density of about 108 cell/mL prior to use for U(VI) incubations.  
Synthesis of 236U spiked U(VI) solution  
A uranyl carbonate stock solution (~4000 mg/L) in 100 mM NaHCO3 was prepared from 
uranium metal CRM 112-A, which has a natural isotopic composition. The method describing 
the preparation of this stock solution can be found in Basu et al., 2013. We synthesized a 236U-
spiked U(VI) stock solution by mixing 0.25 mL of our uranyl carbonate stock solution to 11 mL 
of 1.0 mg/L uranyl chloride solution containing only 236U. The resulting solution had a 236U/235U 
ratio of about 4.1. This solution was evaporated to dryness and re-dissolved in a degassed 100 
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mM NaHCO3  solution, diluted to a final volume of 15mL, and filter-sterilized using 0.2 µm 
filters. 
Incubations with G. sulfurreducens 
We carried out U(VI) batch incubations in duplicate 160 mL anaerobic glass serum bottle 
reactors with 100 mL working volume. Each reactor was inoculated using ~10 mL (10% v/v) of 
pre-grown G. sulfurreducens culture. We sampled each reactor for quantification of bacterial cell 
density prior to U(VI) incubations. The size of the bacteria population was measured using a 
LSR II (BD Biosciences) flow cytometry analyzer. The 236U-spiked uranyl carbonate stock 
solution was injected into the serum bottles to achieve the desired initial U(VI) concentration (~7 
µM) in our experiments. Each experiment was carried out in duplicate. U(VI) incubation reactors 
included an abiotic control experiment with our test medium, U(VI), and no microbial cells. 
Each reactor, including the abiotic control, was provided with 500 µM acetate as electron donor.  
The reactors were incubated in the dark on a rotary shaker table at 30°C. We sampled each 
reactors at regular intervals for U(VI) concentration and U isotope measurements. We filtered 
each sample using a 0.2 µm filter.  
U concentrations and Isotope Measurements  
Uranium Concentration. We obtained U(VI) concentrations using a Nu Plasma MC-
ICP-MS. An aliquot of the sample was diluted in a 2% HNO3 solution. U(VI) concentrations 
were determined by comparing 238U ion beam intensities measured at Faraday collectors for 
samples with those of a reference solution.  
Sample Purification. The samples, each containing approximately 300 ng of U, were 
purified using an anion exchange method. Each sample was evaporated to complete dryness, 
dissolved in 3N HNO3 and loaded on to a column containing 0.2 mL of UTEVA resin. The 
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U(VI) in the sample was retained by the resin and the matrix components were rinsed out using a 
combination of 3N HNO3 and 10N HCl.  U was eluted with a 0.05N HCl solution, and the eluate 
was evaporated to dryness. The organic residues from the resin were reduced by treating the 
dried spots with a few drops of concentrated HNO3, followed by heating. 
Mass Spectrometry and Interpretation of Isotope Data. We measured the U isotope 
ratios in the samples using Nu Plasma HR MC-ICP-MS. 233U/236U, 234U/236U, 235U/236U and 
238U/236U ratios were measured simultaneously using a sample-standard bracketing method, 
while operating the instrument in a low-resolution mode. The bracketing standard was prepared 
by adding a very small amount (~20 µL) of the same 236U-spiked U(VI) stock solution used in 
the experiments (in 100 mM NaHCO3) to a 2% HNO3 solution.  For the isotopic analysis, we 
diluted the bracketing standard to a final concentration of ~100 ppb. 
The δ238-xU values are reported using δ notation, defined as  
         (1) 
where x is 236U or 235U. The uncertainties in δ238-236U and δ238-235U, calculated as twice standard 
deviations (2σ) of the 15 bracketing standard measurements, are 0.09‰ and 0.15‰, respectively. 
For each isotope pair (i.e 238-236 and 238-235), the isotopic fractionation factor for 
U(VI) reduction is defined as  
                                                          (2) 
where Rproduct and Rreactant are 238U/xU (x=235, 236) in the U(IV) product flux and 
remaining U(VI) pool, respectively, at one instant in time. In the well-mixed batch reactors, we 
modeled the δ value of the remaining U(VI) using a  Rayleigh distillation equation 
δ 238−xU= (
238U/ xU)sample
( 238U/ xU)standard
−1
"
#
$
%
&
'×1000‰
α =
Rproduct
Rreactant
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                 (3) 
where c0 and δ0 are the initial concentration and isotopic composition of U(VI), c(t) and δ(t) are 
the concentration and isotopic composition at time t. The above equation can be rearranged as  
      (4) 
We determined the fractionation factors (α values) for 238-236 and 238-235 pairs by fitting our 
experimental data in linearized plots of  vs. . The α238-x values were 
obtained from the slope of the best fit line via linear regression (Scott et al., 2004). We 
determined the uncertainties in α238-x from the uncertainties of the slopes derived from standard 
linear estimation methods.  
The NVE is represented as a scaling factor between two isotope pairs. The isotopic 
fractionation due to NVE is related to the isotopic fractionation factors determined for our 
experiments according to the following expression from Schauble (2007), 
NVE Scale Factor = 1000 * lnα238−2351000 * lnα238−236
                                         (5) 
 
The theoretical NVE was calculated using ratios reported by Elliott et al. (1998), and Angeli and 
Marinova (2012).  
RESULTS  
U(VI) Reduction by G. sulfurreducens 
U(VI) reduction occurred during incubation with G. sulfurreducens (Fig. 6.2). The U(VI) 
concentrations decrease was more than 68% of the initial U(VI) in both reactors and the 
reduction rates conformed to first order kinetics. The half-lives of U(VI) were 53.72 hr and 105 
δ(t) = (δ0 +1000‰)
c(t)
c0
!
"
#
$
%
&
α−1
−1000‰
ln(δ 238-xU+1000‰) = (α238-x −1)ln c(t)[ ]+ ln(δ0 +1000‰)− (α238-x −1)ln(c0 )[ ]
ln(δ 238-xU+1000‰) ln c(t)[ ]
 158 
hr in reactor 1 and reactor 2, respectively. Since the first order reduction rate varied between the 
reactors, we used the concentration drop within the first half-life to calculate the cell-specific 
reduction rate according to the following expression 
 
where Δc is the U(VI) concentration decrease within the first half-life, t1/2, in the reactor, and d is 
the density of the bacterial population in the reactor. The approximate cell density was 8.4×106 
cells/mL in reactor 1, and 7.8×106 cells/mL in reactor 2. The cell-specific rates were 1.88×10-16 
mol.cell-1.d-1 and 1.07×10-16 mol.cell-1.d-1 in reactor 1 and reactor 2, respectively.  
U Isotope Results 
The changes in 238U/235U and 238U/236U in our experiments are given in the Table 6.1. 
During U(VI) reduction by G. sulfurreducens, both 238U/235U and 238U/236U ratios decreased with 
increased fraction of reduction. The δ238-235U and δ238-236U values were normalized by the initial 
δ238-235U and δ238-236U values from the reactors. The fractionation factors for 238-235 and 238-
236 pairs are given in Table 6.1 and Fig. 6.3. There was no significant variation either in the α238-
235 or in α238-236  between the reactors. The uncertainties (2*S.E) in the α238-235 and α238-235 were 
0.09‰ and 0.03‰ when data from two reactors were combined. The value of NVE scale factor 
obtained from our experiments is 2.01 ± 0.30 (2*S.E) (Table 6.2). The error (2*SE) on the NVE 
scale factor for each experiment was calculated by applying error propagation to the calculation 
of α238-235 and α238-236.   
DISCUSSION  
Issues with the Bracketing Standard  
The mass-bias uncorrected raw 238U/236U ratio of the bracketing standard was 33.7195 ± 
0.003 (2SD) and the 238U/235U ratio was 139.495 ± 0.02 (2SD). In comparison, the 238U/235U ratio 
Cell-specific reduction rate = Δct1/2 *d
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of the samples corresponding to t=0, were 137.494 and 137.530 for reactor 1 and reactor 2, 
respectively. For comparison, the raw 238U/235U (with instrumental mass bias) in U isotope 
standard CRM 112A with natural isotopic composition was 140.65. This difference in the 
238U/235U ratio in our samples representing the initial time point could not result from the 
contamination with natural U in our experiments since any contamination with natural U would 
drive this ratio to a higher value relative to that of the bracketing standard. We did not purify the 
bracketing standard via anion exchange prior to isotope measurements, and therefore this 
difference in the 238U/235U ratio might arise from the matrix effect due to slightly different 
chemical composition of the bracketing U standard. The 238U/235U values of the bracketing U 
standard were consistent throughout the analysis, and therefore the difference in the absolute 
238U/235U ratio between the samples representing t=0 and the bracketing standard was of little 
importance for our interpretation of the isotopic data.  
Uncertainties in U Isotope Measurements  
For U isotope measurements, a double isotope spike (233U+236U) technique is widely used 
for correcting any isotopic fractionation during the sample purification via anion-exchange and 
more importantly, during mass-spectrometry due a mass bias generated by the instrument. The 
double-spike method yields very precise isotopic measurements (2S.E. for δ238-235U ≤0.1‰). 
Since our starting U(VI) solution was spiked with 236U, we chose not to use the double-spike 
technique involving addition of 236U. Addition of extra 236U from the double-spike solution 
would add complexities in isotopic data reduction. In this study, each sample was measured only 
once using a sample-standard bracketing method. The uncertainty (2SD) of the measurements 
determined, as an internal precision from 15 measurements of the bracketing standard is 
comparable but slightly higher than that obtained from the double-spike method used in Basu et 
 160 
al. (2013). During the analysis, the 238U/235U and 238U/236U ratio of the bracketing standard were 
stable and did not vary significantly. Moreover, the changes in normalized δ238-235U and δ238-236U 
values are much larger than the uncertainty values reported here. We are confident that slightly 
higher uncertainties in our isotope measurements do not affect the determination of the 
fractionation factors for both isotope pairs.  
Isotopic Fractionation factors (α238-235) for G. sulfurreducens 
In this study, we determined the α238-235 for U(VI) reduction by G. sulfurreducens as 
1.000712, corresponding to an ε value of 0.71‰ ± 0.09‰. Within the uncertainty, this ε = 
0.71‰ is identical to the value for the same strain of G. sulfurreducens (ε = 0.68‰ ± 0.05‰) 
determined by Basu et al. (2013) using a double-spike technique for isotopic measurements. The 
cell-specific U(VI) reduction rates determined for this study are also comparable with those 
reported for G.sulfurreducens strain PCA in Basu et al. (2013). This resemblance in the 
magnitude of isotopic fractionation within 95% confidence interval suggests that the sample-
standard bracketing used in the present study is robust and capable of determining precise 
isotopic fractionation factors.  
Mass Independent U Isotope Fractionation due to NVE 
The mean-squared charge radii differences (expressed as, <r2382> -<rx2> ) for U isotopes 
reported by Elliott et al. (1998) are −0.268 ± 0.017 for 238-235 isotope pair, and −0.160 ± 0.010 
for 238-236 isotope pair, based on spectroscopic measurements of the x-ray transitions of few-
electron uranium ions. The theoretical NVE model yields a scale factor of 1.68 ± 0.15. Using the 
most recent measurements of nuclear charge radii values reported by Angeli and Marinova 
(2012) (−0.2803 ± 0.0002 for 238-235 isotope pair and −0.1676 ± 0.0002 for 238-236 isotope 
pair), the theoretical NVE scale factor is calculated as 1.672 ± 0.002.  These NVE scale factors 
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are very similar and the magnitude of the scale factor suggests that in absence of any other 
fractionating process, the isotopic fractionation scaling factor solely due to NVE should always 
be 1.67.  
The NVE scaling factor determined from our experiments using 238-235 and 238-236 
isotope pairs generally agrees with the predictions from the theoretical model. This suggests that 
NVE play a major role in the isotopic fractionation during microbial U(VI) reduction. However, 
the scale factor determined for U(VI) reduction by G. sulfurreducens appears to be somewhat 
greater than the theoretical NVE  scale factor of 1.67. The uncertainties in α values determined 
from our experiments may have affected the magnitudes of the NVE scale factor. The 
uncertainties in the measurements of nuclear charge radii may also lead to an underestimation of 
the theoretical NVE scale factor.  
The theoretical NVE model predicts a scaling factor for equilibrium isotopic fractionation 
of U. The isotope data from our experiments with G. sulfurreducens conform to Rayleigh 
models. A pronounced NVE scale factors determined from our experimental data suggests that 
the theoretical NVE model may be applied to U isotope fractionation during microbial U(VI) 
reduction at low temperature.  
CONCLUSIONS 
The NVE scale factor determined for 238-235 and 238-236 isotope pairs during U(VI) 
reduction by G. sulfurreducens  experiments is 2.01 ± 0.30. This value generally agrees with the 
theoretical prediction of the NVE scaling factor of 1.67. Also, the observed sense of fractionation 
(238U enrichment in U(IV)) is in our experiments is aligned with the sense of fractionation 
predicted by the NVE theory. Our results show clear evidence of significant isotope 
fractionations for both 238-235 and 238-236 pairs. Based on our observations, we suggest that 
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the current NVE model developed for equilibrium exchange of U isotopes at high temperatures 
(160°C) may be extended to isotope fractionation during microbial U(VI) reduction at low 
temperature. Further experiments needed for a more precise determination of the NVE scale 
factors during microbial U(VI) reduction.   
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FIGURES AND TABLES 
 
Fig. 6.1. Nuclear charge radii of the U isotopes (Angeli and Marinova, 2012). The plot shows odd-even staggering 
and deviation of the 235U from the trend line through 234U, 236U and 238U.  
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Fig. 6.2. U(VI) concentration decrease with time in batch incubations with G. sulfurreducens. 
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Fig. 6.3. Isotopic fractionation factors for 238-236 and 238-235 isotope pairs for U(VI) reduction by G. 
sulfurreducens. 
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Table 6.1. U(VI) concentration and U isotope results.   
G. sulfurreducens 1 
t (hr) U(VI) µM % Reduced 
Normalized 
δ238-235U  
Normalized 
δ238-236U  α238-235±2SE α238-236±2SE 
0.0 7.03 0% 0.00‰ 0.00‰ 
1.000711±0
.0002 
1.000373±0
.00005 
29.5 6.07 14% -0.21‰ -0.03‰ 
67.6 3.51 50% -0.66‰ -0.27‰ 
90.0 2.21 69% -0.83‰ -0.41‰ 
       
G. sulfurreducens 2 
0 7.28 0% 0.00‰ 0.00‰ 
1.000712±0
.0006 
1.000345±0
.00004 
23.2 6.30 13% -0.06‰ 0.00‰ 
41.8 5.51 24% -0.23‰ -0.07‰ 
90 1.55 79% -1.09‰ -0.51‰ 
              
 
 
 
 
   
Two reactors 
combined 
1.000714±0
.00009 
(ε=0.71‰±
0.09‰) 
1.000356±0
.00003 
(ε=0.36‰±
0.03‰) 
Table 6.2: NVE from experimental data.  
Experiments  α238-235 α238-236 1000*lnα238-235 1000*lnα238-236 Scale Factor1 
G. sulfurreducens 1 1.000711 1.000373 0.711012 0.372878 1.91±0.59 
G. sulfurreducens 2 1.000712 1.000345 0.712089 0.344865 2.06±0.30 
Combined 1.000714 1.000356 0.713503 0.355579 2.01±0.30 
1Scale factor for converting 238U/236U ratios to 238U/235U ratios, as given in equation 5. 
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APPENDIX 
SUPPORTING INFORMATION 
 
 
Determination of hexavalent chromium reduction using Cr stable 
isotopes: Isotopic fractionation factors for permeable reactive 
barrier materials 
 
Mineral Synthesis and Characterization 
All solutions were prepared using high purity (18 MΩ) water. For mineral synthesis, 
reagent grade materials were used and all experiments were done under strictly anaerobic 
conditions. Prior to use, the solutions were deoxygenated by bubbling ultra-pure N2 through the 
solutions for at least 30 minutes. During the experiments, anaerobic conditions were maintained 
using an anaerobic glove box and N2 headspace in serum bottle reactors. Synthesized minerals 
were stored under a positive-pressure N2 headspace in 125 mL serum bottles crimp-sealed with 
grey butyl stoppers. N2 flushed syringes were used for sampling mineral suspensions and volume 
of sample withdrawn was replaced with N2 to compensate for the withdrawal.  
Fe(II)-doped Goethite. Fe(II)-doped goethite was prepared following the method 
described by Larese-Casanova and Scherer (2007). 500 mg goethite powder (Bayferrox 910, 
Standard 86; Bayer AG; BET surface area of 17.5 m2/g and a pHpzc of 7.5-7.8) was suspended in 
a pH buffered (pH = 7.0) 10 mM FeCl2 solution in 25mL glass vials for sorption of Fe(II) on 
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goethite. The vials were kept anaerobic and shaken in darkness at 125 rpm for 4 hours. After 4 
hours, the Fe(II) concentration in the solution was measured using the Ferrozine method (see 
below). The amount of sorbed Fe(II) was determined to be 115 µmol/g from the difference 
between the initial and final Fe(II) concentrations. The goethite slurry was then filtered inside an 
anaerobic glove box using 0.2 µm filter and weighed.  300 mg of the wet filtrate was 
resuspended in deoxygenated Hanford groundwater for batch incubation experiments with 
Cr(VI).  
Green Rust. For the synthesis of green rust, we followed the method described by Refait 
et al. (1999). 250 mM NaOH solution was made by dissolving 2.0 g of NaOH pellets in 200 mL 
of high purity (18 MΩ) deoxygenated water. 100 mM FeSO4 solution was prepared by adding 
0.56 g of Fe in 100 mL of 150 mM H2SO4 in a serum bottle heated gently with a needle through 
the septum to release the H2 gas produced during the reaction.  50 mL of FeSO4 was mixed with 
50 mL of deoxygenated NaOH solution in an anaerobic N2-purged serum bottle in the presence 
of excess 250 mM NaOH until a colorless precipitation of Fe(OH)2 was obtained. Then, Fe(OH)2 
was oxidized in an open beaker by stirring the solution with a magnetic stirer in the presence of 
air. The colorless precipitate of Fe(OH)2 turned in to bluish green and the oxidation was allowed 
until the pH dropped from a reaction-buffered pH of 7.8 to a second buffering point at about 
6.87. The abrupt drop of pH indicated the completion of GR-SO4 formation, which was 
immediately transferred to an anaerobic N2-purged serum bottle. In order to avoid any 
transformation or structural change of the GR-SO4 mineral, we stored it as a suspension where 
the mineral phase was in equilibrium with the solution. 
We characterized the mineral GR-SO4 using X-ray diffraction (XRD).  The sample for 
the XRD was introduced in a 0.7 mm glass capillary tube. A small aliquot of sample was injected 
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in capillary, which was centrifuged to concentrate the solid particles in one end. The capillary 
tube was sealed immediately after the sample injection and XRD analysis was done within 24 
hours to avoid any oxidation. A powder diffraction pattern (Fig. A.1) was obtained using a 
Bruker P4 diffractometer with a rotating anode Cu-K source. In order to subtract the background 
spectrum, we analyzed an identical capillary tube with the solution but no GR-SO4 particles.  
Siderite (FeCO3). We synthesized FeCO3 following the method described by Rakshit et 
al. (3). 100 mM FeCl2 solution was made by dissolving 0.56 g of Fe metal in 100 mL of 0.2 M 
HCl in an anaerobic glass serum bottle. The serum bottle was heated continuously with the 
septum pierced by a needle to release the evolved H2 gas. A clear solution of FeCl2 was obtained 
after 2.5 hours, 50 mL of which was transferred to another N2 purged empty serum bottle. Then, 
50 mL of 100 mM deoxygenated Na2CO3 solution was added to 50 mL of FeCl2. FeCl2 solution 
was stirred with a magnetic stirrer while Na2CO3 was added to it. A white precipitate of 
FeCO3was obtained immediately.   
FeCO3 was also characterized by XRD spectrum. The sample preparation and the 
instrumentation for XRD analysis was same as that described for the GR-SO4. The diagnostic 
XRD spectrum for FeCO3 (Fig. A.2) matches closely with the spectrum obtained by Rakshit et 
al. (2008) for their laboratory synthesized FeCO3, which is slightly different from the naturally 
occurring FeCO3 mineral phases.  
 
Iron monosulfide (FeS). For FeS synthesis, we used the method described by Butler et 
al. (2004). 50 mL 0.6 M (NH4)2Fe(SO4)2.6H2O was reacted with equimolar amount of 50 mL 
Na2S•9H2O solution in a N2-purged glass syrum bottle. Both solutions were made fresh with 
deoxygenated H2O by bubbling ultra-pure N2 for 30 min. A black precipitate formed 
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instantaneously. The synthesized mineral FeS was stored in the reaction vessel under N2 
headspace, where the solid FeS particles were in equilibrium with the remaining solution. FeS 
prepared by the above method is nanocrystalline as evident from broad, weak Bragg reflections 
in the XRD pattern obtained by Butler et al. (4). We could not obtain characteristic XRD pattern 
due to very poor or almost no diffraction and concluded that at the time of synthesis upto the 
time of characterization, most of the FeS was amorphous. Our stock suspension of FeS was aged 
for 6 months prior to use in Cr(VI) reduction experiments.  
Hanford ISRM Sediments 
 The Hanford 100D area is one of the major Cr-contaminated DOE sites where a 
groundwater Cr plume advancing towards the Columbia River was detected in 1995 (Szecsody et 
al., 2005). The source of Cr was sodium dichromate, which was used as a corrosion inhibitor in 
cooling water for the 100D reactor.  This water leaked into the soil from underground pipes and 
retention basins. An ISRM zone was created by injecting a strong reducing agent, sodium 
dithionite (Na2S2O4), into the subsurface to stop the migration of the plume into the Columbia 
River (Szecsody et al., 2005). Sodium dithionite was injected through 65 wells spread across a 
2300 ft section of the plume (Fig. A.3). Although the ISRM barrier effectively removed Cr(VI), 
in some wells down-gradient of the barrier a Cr(VI) breakthrough was observed (Fig. A.3a). The 
highest concentration of Cr(VI) (900 µg/L) was observed in the well D4-37 during the premature 
breakthrough of chromate. 
We obtained sediment cores from the Hanford ISRM zone, sampled in 2005 after the 
dithionite treatment, from the well D4-91 located 12 ft downgradient from the well D4-37 (Fig. 
A.3). The cores were preserved under anaerobic conditions in airtight metal-coated plastic bags 
with pouches of Fe0 as O2 scrubbers to prevent oxidation in case of any oxygen leak. A detailed 
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physical and chemical characterization of the ISRM sediments is available in reference 
(Szecsody et al., 2004) and (Szecsody et al., 2005).  
Analytical Method Details 
Fe(II) Concentration Measurement. Fe(II) Concentrations were measured using the 
ferrozine colorimetric method as described Lovley and Phillip (1986) and Lovley and Phillip 
(1988). Filtered samples were acidified and diluted using 0.5 N HCl. An aliquot of the acidified 
samples (100 µL) was added to 4.9 mL of Ferrozine solution. Fe(II) concentrations in each 
sample was determined from the absorbance measured at 562 nm wavelength using a Thermo 
Genesis spectrophotometer. The limit of detection for Fe(II) was 0.2 µM.  
Cr(VI) Concentration Measurement. We used the US EPA method 7196A for 
preliminary Cr(VI) concentrations measurements. The samples were acidified with an aliquot 
(0.1 mL) of 1N HCl to adjust the pH < 2 prior to addition of diphenyl carbazide indicator. Cr(VI) 
concentrations were determined by measuring the absorbance at 540 nm wavelength using a 
Thermo Genesis spectrophotometer. The analytical uncertainty of this procedure was ±5 µg/L. 
These Cr(VI) concentrations were used to determine the amount of spike solution to be added to 
each sample to obtain the appropriate range of spike-sample ratio for isotopic analysis.  
We reported more precise Cr(VI) concentrations in this study obtained via isotope 
dilution from isotopic measurements of our samples. The Cr(VI) concentrations were determined 
from isotope dilution calculations involving the volume of sample, volume of spike added to 
each sample, and precise mass bias-corrected 54Cr/52Cr measurements yielded by the MC-ICP-
MS.   
Cr Sample Purification for Isotopic Analysis. A double-spike solution with known 
ratio of two spike isotopes, 54Cr and 50Cr is used to correct for isotopic fractionation during 
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purification and mass spectrometry. An appropriate amount of double spike was added to each 
sample, typically containing 500 ng – 1 µg Cr, prior to sample purification. The spike solution 
and the sample were allowed to equilibrate for 24 hours. The samples were purified for mass 
spectrometry by passing the samples through an anion exchange resin (AG1-X8 resin) followed 
by reduction of Cr (VI) to Cr (III). Cr (VI) in samples was adsorbed to the anion exchange resin 
(BioRad AG1-X8) and cations and weak acid anions are eluted with weak acid. After that, 2N 
HNO3 with a few drops of H2O2 is added to columns to selectively elute Cr via reduction to Cr 
(III). After purification, samples were dried down completely and a few drops of concentrated 
HNO3 were added to remove organic residues. During the sample purification, quartz distilled 
acids were used at all steps. 
Mass Spectrometry. Isotopic analyses were performed at the University of Illinois at 
Urbana-Champaign using a Nu Instruments HR multicollector inductively coupled plasma mass 
spectrometer (MC-ICP-MS) according to methods described by Schoenberg et al. (2008). 
Samples were introduced as 2% HNO3 solutions into the plasma through a desolvating nebulizer 
to reduce interferences that might arise from the matrix. Isotope ratios were determined by 
operating the MC-ICP-MS in a pseudo-high resolution mode to avoid the isobaric interference 
by ArN+, ArC+, ClO+, and ClN+. We separately measured and corrected for the interferences by 
Fe, V, and Ti. The NIST Cr standard SRM 979, with a known isotopic composition, was 
analyzed approximately after every 10 samples. The δ53Cr values were normalized with respect 
to the mean δ53Cr value of SRM 979 for each analysis day. The uncertainty of the isotope 
measurements was determined as ±0.13‰. This was determined as twice the root mean square 
difference for 16 pairs of duplicate sample preparations (Table A-1: 11 pairs from this study, 5 
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pairs of samples from outside this study that were analyzed together with the samples from this 
study).  
Extraction of Isotopic Fractionation Factors from the Data.  In closed, well-mixed 
systems like our batch experiments, progressive increase in δ53Cr of the Cr(VI) pool follows a 
Rayleigh distillation relationship: 
δ(t) = (δ0 +1000)(
C(t)
C0
)(α−1) −1000
       (3)
 
where δ(t)  and C(t)  are the isotopic composition and concentration at time t, δ0 and C0  are the 
initial isotopic composition and concentration, and α is the isotopic fractionation factor. The 
values of α were calculated from the slopes of the best-fit regression lines fitted to lnδ(t) vs. 
lnC(t) plots, following the method of Scott et al. (2004). Uncertainties in the ε were determined 
by calculating the uncertainties of the slopes using standard linear estimation methods.  
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FIGURES AND TABLES 
 	   	  
 
Fig. A.1. XRD pattern for the laboratory-synthesized GR-SO4 .  
	  
Fig. A.2. XRD pattern for the laboratory-synthesized FeCO3 
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a) 
 
b) 
 
Fig. A.3.  a) The plot showing Cr(VI) breakthrough in Hanford 100D ISRM wells. (From Szecsody et al. (2005)). b) 
Hanford ISRM zone delineated by the treatment zone wells (From Szecsody et al. (2005)).  	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Table A-1. Measured Cr(VI) concentrations and δ53Cr values.  
Fe(II)-doped Goethite 
Time (d) Cr(VI) (µM)  % Reduced  δ53Cr (‰) 
0.00 17.71 0% 0.12 
0.01 16.98 4% 0.22 
0.02 16.73 6% 0.28 
0.06 16.26 8% 0.31 
0.22 15.95 10% 0.42 
0.72 15.45 13% 0.53 
2.69 14.17 20% 0.80 
2.69 duplicate 
  
0.79 
69.81 9.24 48% 2.46 
69.81 duplicate 
  
2.55 
116.77 7.73 56% 3.21 
174.77 6.88 61% 3.86 
174.77 duplicate  
  
3.74 
Fes Experiment 1 
Time (min) Cr(VI) (µM)  % Reduced  δ53Cr (‰) 
0 16.77 0% 0.27 
5 14.67 12% 0.63 
15 12.71 24% 0.93 
30 11.25 33% 1.11 
60 9.40 44% 1.75 
90 7.70 54% 1.94 
160 5.12 69% 2.91 
200 4.08 76% 3.42 
245 3.09 82% 3.97 
275 2.63 84% 4.36 
275 duplicate  
  
4.42 
Fes Experiment 2 
Time (min) Cr(VI) (µM)  % Reduced  δ53Cr (‰) 
0 16.88 0% 0.36 
5 14.47 14% 0.56 
15 12.39 27% 0.99 
30 10.70 37% 1.12 
30 duplicate 
  
1.18 
60 8.54 49% 1.73 
90 6.48 62% 2.42 
120 4.81 72% 3.06 
210 0.78 95% 6.68 
230 0.52 97% 7.63 
    Green Rust Experiment 1 
Time (min) Cr(VI) (µM)  % Reduced  δ53Cr (‰) 
0* 4.27 0% 1.76 
6 3.58 16% 2.24 
10 3.25 24% 2.40 
15 2.98 30% 2.64 
35 2.35 45% 3.31 
65 1.90 55% 3.93 
95 1.63 62% 4.43 
140 1.38 68% 4.82 
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Green Rust Experiment 2 
Time (min) Cr(VI) (µM)  % Reduced  δ53Cr (‰) 
0* 4.10 0% 1.86 
6 3.46 15% 2.30 
11 3.08 25% 2.55 
15 2.90 29% 2.69 
35 2.31 44% 3.35 
65 1.85 55% 3.81 
95 1.60 61% 4.36 
160 1.25 69% 4.85 
    Siderite Experiment 1 
Time (hr) Cr(VI) (µM)  % Reduced  δ53Cr (‰) 
0* 6.56 0% 2.38 
0.75 5.24 20% 2.90 
1.50 4.86 26% 3.22 
5.05 3.96 40% 3.74 
7.97 3.58 45% 4.09 
9.97 3.39 48% 4.15 
9.97 duplicate 
  
4.09 
Siderite Experiment 2 
Time (hr) Cr(VI) (µM)  % Reduced  δ53Cr (‰) 
0* 13.46 0% 0.85 
0.17 13.18 2% 0.90 
0.25 12.96 4% 0.90 
1.00 10.90 19% 1.00 
8.50 11.84 12% 1.13 
19.50 9.62 29% 1.51 
53.50 9.31 31% 1.91 
123.25 5.45 59% 3.22 
189.25 2.09 84% 6.34 
189.25 duplicate 
  
6.23 
213.25 0.48 96% 10.62 
* For the green rust and siderite experiments, the initial Cr(VI) concentration reflects the concentration after rapid initial 
reduction.  
Hanford ISRM Sediments 1 
Time (d) Cr(VI) (µM)  % Reduced  δ53Cr (‰) 
0.00 22.69 0% -0.03 
0.01 22.33 2% 0.01 
0.03 22.17 2% 0.04 
0.15 21.31 6% 0.21 
0.69 19.62 14% 0.55 
1.79 16.23 28% 0.98 
3.08 14.00 38% 1.66 
4.79 9.98 56% 2.63 
6.88 5.04 78% 4.67 
    
Hanford ISRM Sediments 2 
Time (d) Cr(VI) (µM)  % Reduced  δ53Cr (‰) 
0.0 21.92 0% 0.08 
0.0 duplicate 
  
0.07 
0.0 21.83 0% 0.13 
0.1 21.12 4% 0.22 
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0.1 20.77 5% 0.23 
1.2 18.35 16% 0.74 
2.2 17.71 19% 0.84 
3.9 16.90 23% 1.00 
3.9 duplicate  
  
1.10 
6.1 15.31 30% 1.32 
9.1 13.12 40% 1.91 
12.1 10.62 52% 2.38 
12.1 duplicate 
  
2.47 
16.3 7.81 64% 3.50 
16.3 duplicate 
  
3.50 	  
	  
Table A-2. Initial Conditions for  the experiments 
Experiment 
Initial Cr(VI) 
(µM)  
Amount of 
Solid (mg in 100 
mL) 
Total Fe(II) in 
the reductant 
(µM) 
Working 
Volume (mL) 
Fe(II)-doped Goethite 19.00 300 345 100 
FeS Experiment 1 18.00 0.7 75 100 
FeS Experiment 2 18.00 0.7 75 100 
Green Rust Experiment 1 11.15 11.7 100 100 
Green Rust Experiment 2 11.15 11.7 100 100 
Siderite Experiment 1 18.98 9.8 84.2 100 
Siderite Experiment 2 18.98 9.8 84.2 100 
Hanford ISRM Sediments 1 23.00 4000 2400 100 
Hanford ISRM Sediments 2 23.00 4000 2470 100 	  	  	  	  	  
 
 
 
 
 
 
 
 
